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To date, raw vegetable sprouts are still frequently associated with Escherichia coli 
O157:H7 and Salmonella outbreaks. This indicates that seed disinfection method in 20,000 ppm 
calcium hypochlorite, as recommended by the USFDA, is not sufficient to ensure the microbial 
safety of raw sprouts. As a result, many studies have been conducted to find an alternative to 
chlorine treatment that is more effective against pathogens, safer, and less harmful to the 
environment. However, few of these studies showed promising results. Therefore, the demand of 
a practical and efficient sanitizing treatment has not been fulfilled yet. Furthermore, the effects of 
seeds’ surface characteristics on pathogen inactivation have not been investigated. 
A combination treatment of chlorine wash and calcinated calcium spray on Escherichia 
coli O157:H7 87-23 population growth during radish sprout germination was studied. Artificially 
inoculated radish seeds were soaked in low or high concentrations of sodium hypochlorite 
solutions and sprayed with calcinated calcium solution during sprouting. The bactericidal 
component in calcinated calcium was also investigated. In addition, the stability of calcinated 
calcium in the presence of organic matter was compared to chlorine. Calcium oxide was 
determined as the active component of calcinated calcium. Calcinated calcium was found to be 
more stable than chlorine in the presence of organic substance, justifying its use for germination 
spray. The treatment of 200 ppm NaOCl soaking followed by 0.04% calcinated calcium spray 
resulted in no microbial growth after a 72-h sprouting, while maintaining a high germination 
rate. The 0.4% calcinated calcium spray significantly reduced the germination rate and is 
therefore not recommended. Soaking the seeds in a 20,000 ppm chlorine solution achieved the 
highest E. coli count reduction on seeds. However, the E. coli cells that survived the 20,000 ppm 
chlorine soak grew to 6 log CFU/g sprouts after a 72-h sprouting period, significantly higher than 
the initial count on the seeds. 
The effectiveness of a novel organic acid-surfactant (MA-TDS) combination on 
inactivation of E. coli O157:H7 87-23 attached to alfalfa, broccoli, and radish seeds was 
investigated. Additionally, the correlation between the seeds’ surface roughness and microbial 
reduction by the sanitizer combinations was examined. High MA concentrations appeared to 
increase bacterial population reduction on all types of seeds. Addition of TDS to MA solutions 
seemed to have a synergistic effect on bacterial removal. Treatment with 10% MA-1% TDS 
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solution was demonstrated to be as good as or more effective in killing E. coli O157:H7 than 
20,000 ppm calcium hypochlorite solution on all types of seeds tested. A complete elimination of 
E. coli, accompanied with excellent germination rate, was achieved on alfalfa seeds treated with 
the 10% MA-1% TDS treatment. Nevertheless, surviving E. coli cells were still detected on 
broccoli and radish sprouts upon said treatment. Although seed germination rates declined 
significantly after being washed in the 10% MA-1% TDS solution, all the germination rates were 
still within the acceptable range. In general, surface roughness of the seeds had a linear negative 
correlation with microbial reduction. However, treatments with different concentrations of MA-
TDS solutions resulted in correlations with different power between the seeds’ Ra values and log 
population reduction. The strongest linear correlation was shown upon seed treatment with 1% 
MA-1% TDS solution and 10% MA-1% TDS. On the other hand, other treatments resulted in 
moderate correlations and no correlation was reported when the seeds were washed in 20,000 
ppm chlorine solution. This occurrence suggested that surface roughness was not the only 
surface feature that influenced microbial removal on seeds. Other surface characteristics of the 
seeds, such as surface hydrophobicity, might interact differently with the sanitizer combinations 
causing unexpected correlation variations. 
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Escherichia coli O157:H7 has been considered as an important food-borne 
pathogen and its outbreaks have increased in the past decade. Although the pathogen is 
usually associated with cattle products, especially undercooked ground beef, its 
occurrence on raw fruits and vegetables has been reported. One of the sources of E. coli 
O157:H7 is raw vegetable sprouts, such as alfalfa and radish sprout. Sprout-related 
outbreaks have been documented both domestically and internationally, and have caused 
deaths or hospitalization of numerous victims. Despite the USFDA’s effort to improve 
the microbial safety of raw sprouts by providing guidance on seed disinfection, outbreaks 
linked to consumption of raw sprouts still occur until this day.  
Current USFDA recommended method involves washing seeds in 20,000 ppm 
chlorine solution prior to sprouting. However, this method has been shown to be 
ineffective in completely eliminating pathogens on seeds (Taormina and Beuchat, 1999; 
Holliday et al, 2001). Furthermore, there are several disadvantages of using chlorine as a 
sanitizing treatment for produce, such as generation of harmful chlorine by-products, 
rapid efficacy reduction in the presence of organic matter, and repulsive smell of highly 
concentrated chlorine. As a result, many studies have been conducted to find an 
alternative to chlorine treatment for sprouting seeds. Nevertheless, to date, there is no 
practical disinfection method that can achieve a complete elimination of all pathogens on 
sprout seeds without negatively affecting their germination rate and quality. Novel 
sanitizers have been formulated in order to solve this problem and few showed promising 
results. Therefore, research on new sanitizer combinations for sprout seeds needs to be 
continued to substitute chlorine, while allowing similarly simple and practical 
application. 
Studies have shown that one sanitizer or treatment method may be effective for 
one type of seeds, but not for others (Neetoo et al, 2010; Weiss et al, 2005). Thus, 
treatment conditions are not the only parameter that affects pathogen population 
reduction. Several factors have been reported to influence removal of bacteria on 
surfaces. One of them is the formation of biofilm. As demonstrated by several studies, 
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pathogens which exist as biofilms are more difficult to be eliminated than planktonic 
cells. Biofilm matrix protects the cells from sanitizers and thus, harsher treatment 
conditions are generally required to inactivate them. Another factor that affects pathogen 
inactivation is surface roughness. The roughness (Ra) values of a surface have been 
shown to negatively correlate with bacterial population reduction. In other words, 
rougher surface results in less population reduction. Although seedcoats of different types 
of seeds have various textures, the effect of seed surface roughness on bacteria 
attachment and removal has not been studied. 
The overall objective of this study is to improve the microbial safety of sprouts by 
studying the efficacies of novel sanitizers following the practive currently used in the 
sprout industry. Practicality and industrial parameters were taken into consideration in the 
experimental design. The specific objectives are as follows: 
• To investigate bacteria inactivation and growth upon combination treatment 
involving chlorine wash and calcinated calcium spray, 
• To examine the effect of novel sanitizer combinations on E. coli O157:H7 
population reduction on alfalfa, broccoli, and radish seeds, 
• To quantify seed surface roughness and investigate the effect of seed surface 








Sprout is a general term for sprouted seeds or young shoots of plants and is 
commonly eaten raw or cooked in salads or other types of dishes (Wigmore, 1986). 
Consumption of sprouts can be dated back to 3,000 BC in China and their health benefits 
have also been discussed in ancient Chinese manuscripts and medicine books (Wigmore, 
1986). As people travel from one place to another, the habit of eating sprouts was spread 
from East to West. In the U.S., Wallace Smith of Detroit, Michigan, and his Korean 
partner, Ilhan New, opened a fresh bean sprout business in the 1920s and introduced the 
broad American population to sprouts (Smith, 2007). Since then, consumption of sprouts 
has become more and more popular in North America, especially recently as people try to 
increase their fresh fruit and vegetable intake (Thompson and Powell, 2000). According 
to a population-based survey in 2002, 8% of 8,229 respondents had eaten raw sprouts in 
the 7 days prior to the survey (CDC, 2002). The most common types of sprouts 
consumed in the U.S. are adzuki, alfalfa, broccoli, buckwheat, clover, garlic, garlic chive, 
radish, sunflower, kaiware, mung bean, soybean, and pea (Smith, 2007). 
 
2.2 SPROUT INDUSTRY 
Sprout industry consists of two major functions: seed production and sprout 
cultivation. Instead of producing their own seeds, sprout growers usually obtain the seeds 
from seed suppliers.   
 
2.2.1 Seed production 
Flow diagram for seed production is presented in Figure 2.1. According to the 
diagram, the seeds are not disinfected post-harvest. Thus, no kill step is employed to 
eliminate pathogenic bacteria which might be introduced on to the seeds during pre-
harvest or harvest. The most common source of contamination during seed production is 
the use of water contaminated with fecal matter to irrigate the seeds (Beuchat and Ryu, 
1997). Some other possible contamination sources during growth are utilization of 
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improperly composted animal manure as fertilizer, seeping of manure from animal 
rearing facility near the cultivation location, and fecal contamination from domestic 
animals in the field (NACMCF, 1999; Taormina et al., 1999; Beuchat and Ryu, 1997). 
During harvesting, seeds from different plants are mixed together, which enables 
spreading of otherwise localized contamination. Moreover, seeds are subjected to dirt and 




Figure 2.1 Production flow diagram of seeds intended for sprouting (NACMCF, 1999). 
 
2.2.2 Sprout production 
Production of sprouts is done on a wide range of scales; from home-growers using 
trash cans and glass jars as sprouting containers to large-scale producers utilizing 
computerized rotating drums for sprouting (Beetz, 1999). Nevertheless, in general, both 






Figure 2.2 Process diagram of a typical sprout production (NACMCF, 1999). 
 
The first step in sprout production is pre-germination soaking of the seeds and a 
sanitizer is usually added to the soaking liquid at this point to disinfect seeds (NACMCF, 
1999). Soaked seeds are then rinsed to remove residual sanitizer and germinated.  Based 
on the result of an inspection survey conducted between December 1997 and March 1998 
by the Food and Drug Branch of the California Department of Health Services, only 18 
out of the 45 inspected sprout growers employed disinfection during pre-germination 
soak and/or rinsing (NACMCF, 1999). The survey also reported that many of the growers 
that sanitized their seeds used chlorine concentrations ranging from 25 to 5,000 ppm with 
soak time ranging from 5 to 120 minutes, while some of them did not know the exact 
chlorine concentration.  After rinsing, the seeds are then germinated. The germination 
period and method differs depending on the type of seeds and production yield 
(NACMCF, 1999). According to the same survey mentioned previously, the following 
methods were used to grow sprouts based on their types: 
• Rotating drum: alfalfa, broccoli, clover, radish. 




• Soil tray: wheat grass, sunflower, peas, buckwheat, daikon (white radish), broccoli, 
sungreens. 
All methods involved spraying the germinating seeds intermittently with water to prevent 
the sprouts from overheating, to remove by-products, and to keep a constant supply of 
water for the seeds to grow. Afterwards, the sprouts are washed to remove excess hulls, 
drained, and cooled before being packaged. Some producers washed and packaged their 
sprouts in bulk or retail containers at the facility, while others did not harvest the sprouts 
and allowed them to reach 60% growth before transferring them into containers and 
selling them as is. The packaged sprouts are then stored and distributed to retail stores or 
restaurants. 
 
2.2.3 Microbial safety issues in sprout production 
Pre-germination soak of the seeds is the only kill step in the seed growing 
process. Thus, pathogenic bacteria are very likely to survive and proliferate if the seeds 
are not thoroughly sanitized or if the sprouts are contaminated after the soak. In addition, 
pathogenic bacteria attached on the surface of seeds may be internalized into the plant 
during the sprouting process. 
 
2.2.3.1 Bacterial growth during sprouting 
Bacterial growth during sprouting is supported by sprouting conditions which 
generally provide optimum temperature and water activity (Taormina et al., 1999; Fu et 
al., 2001). Additionally, defense mechanism of seeds is decreased during germination 
(Feng, 1997).  Seeds naturally produce trypsin inhibitor which is likely to protect them 
from bacterial infestation by inhibiting trypsin-like enzymes in bacteria. However, the 
production of this inhibitor is lowered as the seeds germinate. Nutrient availability is 
another factor favoring bacterial growth during sprouting. In comparison to dry seeds, the 
amount of nutrients in germinating seeds increase approximately 10-fold, allowing 
bacteria to utilize these nutrients to propagate (Thompson and Powell, 2000). In alfalfa 
sprouts, large increase of E. coli O157:H7 population during sprouting was determined to 
be caused by abundance of nutrients exuded by developing seedlings (Jablasone et al., 
2005). Moreover, growth of pathogenic bacteria are further enhanced when plant 
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pathogens, such as fungi and molds, are present as the host plant tissues are disrupted and 
more nutrients are released (Aruscavage et al., 2006; Wells and Butterfield, 1997 & 
1999). 
Stewart et al. (2001) have reported that artificially inoculated E. coli O157:H7 
population on alfalfa seeds can reach a maximum number of approximately 5-6 log 
CFU/g sprouts after 3 days of sprouting regardless of the initial inoculation level. 
Furthermore, populations of natural microflora, such as mesophilic bacteria and 
coliforms, on broccoli and radish seeds have been shown to increase up to 2 log cycles 
after 5 d of germination (Martínez-Villaluenga et al., 2008). To prevent bacterial growth, 
an intervention method, such as spray application of sanitizers, during sprouting may be 
necessary. Taormina and Beuchat (1999) demonstrated that soaking contaminated seeds 
in 1,200 ppm acidified NaOCl2 solution and spraying them with the same sanitizer during 
sprouting had potential in inhibiting E. coli O157:H7 growth on alfalfa sprouts. However, 
pre-germination soak and spray treatment with H2O2, Na3PO4, and Vegi-Clean at 
concentration as high as 10,000 ppm resulted in 4 log CFU/g sprouts growth after 24-h 
germination and 72-h sprouting (Taormina and Beuchat, 1999a).  
 
2.2.3.2 Internalization of pathogenic bacteria 
Internalization of pathogenic bacteria during sprouting also poses a problem in 
sprout production because it is very difficult, if not impossible, to eliminate bacteria once 
they get into the inner sprout tissues without damaging the sprout itself. Pathogenic 
bacteria can internalize into plant tissues pre-harvest through some common portals of 
entry, such as cracks in seed coats (Wachtel et al., 2002) and lateral root junctions in 
sprouting seeds (Cooley et al., 2003; Dong et al., 2003; Warriner et al., 2003; Barraquio 
et al., 1997). A study by Dong et al. (2003) suggested that Salmonella and E. coli might 
enter alfalfa sprouts via lateral root cracks and there was a strong correlation between 
root colonization and endophytic colonization. Invasion at lateral root junctions by S. 
enterica and E. coli O157:H7 was also observed in thale cress seedlings by Cooley et al. 
(2003). Warriner et al. (2003) demonstrated that E. coli cells were able to internalize into 
mung bean sprouts grown from artificially inoculated seeds by utilizing β-glucuronidase 
(GUS) staining. The findings by Itoh et al. (1998) supported this as immuofluorescence 
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microscopy and scanning electron microscopy images from their study showed that E. 
coli O157:H7 cells were present in inner tissues of radish sprout cotyledons and stomata.  
Sanitizing the surface of the sprouts did not eliminate the internalized bacteria 
cells (Itoh et al., 1998; Cooley et al., 2003; Kutter et al., 2006), indicating that surface 
treatment of sprouts would be ineffective once the internal tissues were contaminated. 
Furthermore, studies have shown that pathogenic bacteria can move within a plant from 
the contaminated region to uncontaminated parts of the plant (Cooley et al., 2003; Kutter 
et al., 2006; Solomon et al., 2002). However, it was undetermined whether the bacteria 
were spread out via the plant’s vasculature or through other means, such as movement on 
the surface and unintentional contamination during the experiment (Cooley et al., 2003). 
Motility of the bacteria played an important role in the internalization process, as 
immotile mutants of the same bacteria were shown to invade the internal tissue much less 
than the wild types (Cooley et al., 2003).  The proposed reason for this was that bacteria 
required motility to place themselves near the fragile regions of the plant for invasion to 
occur.  
 
2.3 ESCHERICHIA COLI O157:H7 OUTBREAKS IN SPROUTS 
Despite sprout’s health benefiting attributes, consumption of raw sprouts has been 
related to food-borne outbreaks both domestically and internationally (Taormina et al., 
1999). One of the first reported sprout-related outbreaks occurred in 1973 and Bacillus 
cereus on soy, cress, mustard seeds from a home sprouting kit was believed to be the 
cause of the outbreak (Sapers et al., 2005; Taormina et al., 1999). After that, there were 
no documented sprout outbreaks in the U.S. until 1990 and most of the following sprout-
related outbreaks are associated with E. coli O157:H7 and/or Salmonella spp. 
contamination, while some other pathogenic bacteria, such as Bacillus cereus, Listeria 
monocytogenes, Yersinia enterocolitica, and Shigella spp., are linked with only a few 
(Thompson and Powell, 2000).  
E. coli O157:H7 is an enterohemorrhagic bacterium that is frequently associated 
with sprout-related outbreaks. The largest E. coli O157:H7 outbreak, which affected 
approximately 10,000 people with 6,000 of the victims being children and 12 of whom 
died in Sakai City, Japan in 1996, was linked to contaminated radish sprouts consumption 
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(Ministry of Health and Welfare of Japan 1997; Taormina et al., 1999; Manning et al., 
2004). The cause of this outbreak was concluded to be contaminated radish sprouts, 
which were served as a part of school lunch in two elementary school districts, from a 
single farm (Michino et al., 1999). A few months later, radish sprouts were again 
implicated as the source of outbreak involving factory workers, one of whom died, in 
Kyoto, which is about 30 miles from Sakai (Watanabe et al., 1999). In the U.S., the first 
E. coli O157:H7 outbreak linked with sprout consumption took place in Michigan and 
Virginia in 1997 (Breuer et al., 2001). Alfalfa sprouts grown from seeds supplied by one 
distributor was determined to be the source of the outbreak in both states (CDC, 1997). In 
2003, another E. coli O157:H7 outbreak caused by alfalfa sprouts were reported in 
Minnesota and Colorado (Ferguson, 2005). Seven people in Minnesota and 13 people in 
Colorado were affected and independent case-control studies traced the contamination 
source back to the same seed distributor. The sprout grower in Colorado claimed that 
they complied with the USFDA guidance, while the grower in Minnesota did not. Sprout-
related E. coli O157 outbreaks that have been reported from 1996 to 2008 are listed in 
Table 2.1. 
  
Table 2.1 Sprout-associated E. coli O157:H7 outbreaks, 1996– 2008. 
Year Type of Sprouts Pathogen Cases Location Ref. 
1996 Radish E. coli O157:H7 ~6000 Japan 4, 5, 7 
1996 Radish E. coli O157:H7 47 Japan 8 
1997 Alfalfa E. coli O157:H7 85 4 U.S. states 1, 7 
1998 Alfalfa, Clover E. coli O157:NM (H-) 8 2 U.S. states 2, 6 
2002 Alfalfa E. coli O157:H7 5 1 U.S. state 2 
2003 Alfalfa E. coli O157:H7 7 1 U.S. state 2 
2003 Alfalfa E. coli O157:H7 20 2 U.S. states 2, 3 
2003 Alfalfa E. coli O157:NM (H-) 13 1 U.S. state 2 
2004 Alfalfa E. coli O157:NM (H-) 2 1 U.S. state 2 
2008 Alfalfa E. coli O157:NM (H-) 21 1 U.S. state 2 
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* (1) Breuer et al., 2001; (2) CDC, n.d; (3) Ferguson et al., 2005; (4) Manning et al., 
2004; (5) Ministry of Health and Welfare of Japan, 1999; (6) NACMCF, 1999; (7) 
Taormina et al., 1999; (8) Watanabe et al., 1999. 
 
2.4 SANITIZERS 
Microbial contamination of fruits and vegetables is commonly prevented by 
incorporation of chemical sanitizers in the washing liquid. The efficacy of chemical 
sanitizers is determined by several physical-chemical factors, such as exposure time, 
temperature, concentration, pH, presence of inorganic and organic matters, microbial 
population, and bacterial attachment (Marriott and Gravani, 2006; Herdt and Feng, 2009). 
In general, increasing exposure time, temperature, and concentration of the sanitizer 
enhances microbial reduction. pH influences the activity of antimicrobial chemicals as 
well because they are present as different species in different pHs. For example, the 
activity of chlorine is decreased at high pH because the reaction prefers formation of 
hypochlorite ion (OCl-) to hypochlorous acid (HOCl) which is the better bactericide. 
Additionally, the presence of inorganic and/ or organic materials may reduce the 
effectiveness of chemical sanitizers, as they may react and deplete the antimicrobial 
agent. Another issue is that sensitivity to a chemical is unequal across different type and 
state of microorganisms. More rigorous condition may be required to kill spores and 
biofilms than vegetative cells and one type of microorganism may be more susceptible to 
a sanitizer than others. Furthermore, resistance to a sanitizer may be increased when the 
target microorganisms are attached to a surface, as demonstrated by Le Chevallier et al. 
(1988) with chlorine. 
In the U.S., chlorine is the most extensively used chemical sanitizer for food-
related sanitation (Schlimme, n.d.; Tapia et al., 2000), partly because it is the sanitizer 
recommended by the USFDA (USFDA, 1998). However, chlorine has been shown to be 
ineffective in completely eliminating microorganisms on surfaces of seeds (Taormina and 
Beuchat, 1999a,b; Holliday et al., 2001). Moreover, some issues have been raised 
regarding the safety and carcinogenic properties of chlorine by-products, such as 
chloroform and trihalomethane, produced during washing treatments (Menzer and 
Nelson, 1986; Richardson et al. 1998). Studies have also shown that chlorine is unstable 
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and can be deactivated easily by heat, organic matter, and light (Tapia et al., 2000). 
Therefore, many studies have been conducted to investigate the efficacy of other 
chemical sanitizers in inactivation of pathogenic bacteria on seed surfaces. Some of the 
chemicals that have been studied are organic acids, surfactants, and calcinated calcium.  
 
2.4.1 Chlorine 
To disinfect seeds intended for sprouting, the USFDA recommends sprout 
growers to wash the seeds in 20,000 ppm chlorine solution, preferably from calcium 
hypochlorite (Ca(OCl)2) (NACMCF, 1999). In water, elemental chlorine and 
hypochlorite form hypochlorous acid and hypochlorite ion (Tapia et al., 2000; HDR 
Engineering Inc., 2001), as described in the reactions below: 
Cl2 + H2O → HOCl + H+ + Cl- 
NaOCl + H2O → NaOH + HOCl 
Ca(OCl)2 + 2H2O → Ca(OH)2 + 2 HOCl 
HOCl ↔ H+ + OCl- 
The bactericidal ability of a chlorine-based sanitizer is determined by the concentration of 
hypochlorous acid (Tapia et al., 2000). The equilibrium of the HOCl dissociation reaction 
is influenced by pH and HOCl formation is favored at low pH. Usually, washing 
treatment with chlorine-based sanitizer is conducted at pH 6.5-7.0 because substantial 
amount of HOCl is present in this condition.  
The mechanism by which HOCl inactivate bacteria was proposed to be disruption 
of cell membrane and components. Thomas (1979) proposed that HOCl combined with 
cell membrane peptides to form nitrogen-chlorine (N-Cl) derivatives which in turn 
oxidized bacterial components. Oxidative ability of chlorine was also reported by Knox 
et al. (1945) who demonstrated that oxidation of various sulfhydryl enzymes and other 
susceptible enzymes by chlorine lead to death of bacterial cells.  
The efficacy of chlorine-based sanitizer in eliminating pathogenic bacteria on 
sprouting seeds has been studied. A complete inactivation of E. coli O157:H7 on alfalfa 
seeds was not achieved by washing in 20,000 ppm chlorine from Ca(OCl)2 for 3 min at 
both 21°C and 55°C (Taormina and Beuchat, 1999b). A similar result was also reported 
by Holliday et al. (2001). Moreover, the treatment in 20,000 ppm Ca(OCl)2 for 10 min 
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did not completely kill E. coli O157:H7 cells on alfalfa seeds and less microbial 
reduction was obtained when organic matter was added to the washing liquid (Holliday et 
al., 2001). Washing and spraying sprouting seeds with 2,000 ppm Ca(OCl)2 also resulted 
in surviving E. coli O157:H7 cells on alfalfa seeds and sprouts (Taormina and Beuchat, 
1999a). Furthermore, the bacterial count upon said treatment increased by approximately 
2 log CFU/g after 4d sprouting.  
 
2.4.2 Organic Acids 
Organic acids have been shown to have antibacterial activity and used as food 
preservatives. This is because they are able to permeate across bacterial plasma 
membrane in their uncharged and undissociated state (Brul and Coote, 1999).  Once 
they got inside the cytoplasm, they dissociate into protons and anions which cannot cross 
the plasma membrane, causing accumulation of charges inside the cell. The dissolution of 
organic acids in solution is pH-dependent and formation of the undissociated state is 
preferred at low pH. Hence, organic acids have higher inhibitory effect at low pH. 
Several antimicrobial actions of organic acids have been proposed, including membrane 
disruption (Freese et al., 1973; Stratford and Anslow, 1998; Bracey et al., 1998), 
inhibition of principal metabolism (Krebs et al., 1983), interference with intracellular pH 
homeostasis (Salmond et al., 1984; Cole and Keenan, 1987; Bracey et al., 1998) and 
accumulation of toxic anions (Eklund, 1985).  
Several studies have demonstrated the potential of organic acid as a sanitizer for 
sprouting seeds. Lang et al. (2000) showed that washing alfalfa seeds in 5% lactic acid 
for 10 min at 42°C resulted in 3.0 log CFU/g reduction of Escherichia coli O157:H7. A 
slightly higher log reduction was achieved when the seeds were subjected to subsequent 
chlorine treatment. However, similar treatments by acetic acid were less effective. 
Treatment with 0.5% levulinic acid in combination with 0.05% sodium dodecyl sulfate 
(SDS) for more than 5 min eliminated almost all Escherichia coli O157:H7 population on 
alfalfa seeds, with growth only detected in selective enrichment media (Zhao, 2010). 
Submersion in 2% and 5% acetic acid for 4-48 h was reported to be effective in 





Surfactants are defined as substances, consisting of hydrophilic and hydrophobic 
regions, which interact with surfaces and interfaces decreasing the interfacial free energy 
(Holmberg et al., 2002). The hydrophilic part of a surfactant may be anionic, cationic, 
amphoteric, or nonionic (Neu, 1996).  Both hydrophilic and hydrophobic segments of a 
surfactant affect its interaction with bacterial surface. Some synthetic surfactants, such as 
SDS and quarternary ammonium compounds (QAS), are known to inhibit adhesion or 
promote detachment of bacteria cells from surfaces. They do so by interacting with 
bacterial surfaces and altering their characteristics, such as surface charge and zeta 
potential. 
Since the lethality of a sanitizer was suggested to be limited by its ability to reach 
pathogens on the seeds, adding surfactants was expected to enhance microbial reduction 
on seeds (NACMCF, 1999). Taormina and Beuchat (1999b) reported app. 2 log CFU/g 
reduction of E. coli O157:H7 population on alfalfa seeds upon treatment with 20,000 
ppm Tween 80, a nonionic surfactant, solution for 10 min. Ultrasonicating and heating 
alfalfa seeds inoculated with E. coli O157:H7 in 1% Tween 80 solution resulted in app. 1 
log CFU/g and 2.5 log CFU/g reduction, respectively (Beuchat and Scouten, 2002; 
Scouten and Beuchat, 2002). Addition of 1% calcium hydroxide (Ca(OH)2) to the 
surfactant solution increased the bactericidal activity slightly. Sharma and Demirci 
(2002) investigated the effects of surfactant and ozone treatment on E. coli O157:H7 
inactivation on alfalfa seeds. Significantly lower log reduction was achieved by ozone 
treatment in solutions containing Tween 20, Tween 80, SPAN 20, and SPAN 80 in 
comparison to that in surfactant-free water. They proposed that such result might be due 
to degradation of ozone by the surfactants. Thus, interaction between sanitizer and 
surfactant is an important factor to be considered when designing a sanitizer-surfactant 
mixture. 
 
2.4.4 Calcinated calcium 
Calcinated calcium is produced from ground oyster shells which have been 
treated electrically with ohmic heating (220 V, 60-100 A, 10-60 min), resulting in a 
highly-alkaline fine white powder (Isshiki et al., 1994; Gandhi and Matthews, 2003). In 
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Japan, it is commonly used as nutrient supplement in foods and countertop sanitizer.  
The exact bactericidal mechanism of this substance has not been thoroughly studied. 
Nevertheless, it was determined that calcinated calcium, unlike chlorine, had a slow but 
steady mode of inactivation and its activity was not diminished by the presence of 
organic substances (Park et al., 2010).  
Some studies have shown that calcinated calcium has a potential in inactivating 
pathogenic bacteria in fresh produce (Bari et al., 1999; Fukuyama et al., 2009). No E. coli 
O157:H7 population was detected on radish sprouts grown in 0.4% (w/v) calcinated 
calcium solution and the sprout quality was not affected by the treatment (Bari et al., 
1999). According to the authors, this disinfection method had been implemented for large 
scale production in Japan and no significant consumer complaint had been reported (Bari 
et al., 1999). On the other hand, Gandhi and Matthews (2003) demonstrated that spray 
application of calcinated calcium at concentration as high as 1.5%, following a chlorine 
wash, during 4 d of sprouting was not effective in eliminating Salmonella population on 
alfalfa sprouts. Additionally, rinsing inoculated alfalfa seeds in 1% calcinated calcium 
solution reduced Salmonella population by 2.9 log CFU/g, but it was not sufficient to 
completely eliminate the pathogen (Weissinger and Beuchat, 2000).  
 
2.5 FACTORS AFFECTING MICROBIAL REMOVAL FROM PRODUCE 
SURFACES 
Microbial reduction obtained upon treatment with the same sanitizer at the same 
concentration can be different when applied on different produce. This may be attributed 
to variations of produce surfaces, which can be partly described by surface roughness 
(Wang et al., 2009), and presence of biofilm.  
 
2.5.1 Surface roughness 
The roughness of a surface has been determined as an important factor affecting 
microbial removal and attachment.  In the dental world, it has been known that surface 
roughness greatly influences plaque formation and microbial attachment on oral hard 
surfaces (Quirynen et al., 1990; Quirynen and Bollen, 1995; Bollenl et al., 1997). 
Association between surface roughness and microbial adhesion is also observed in the 
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food industry.  The cleanliness of stainless steel sheets has been revealed to be 
influenced by their roughness (Boulangé-Petermann et al., 1997; Faille et al., 2000; 
Jullien et al., 2002; Verran et al., 2004).  Surfaces with many defects were difficult to 
clean and retained more soiling as a result of increased in surface area and number of 
topographical defects in which cleaning shear forces are diminished (Leclercq-Perlat and 
Lalande, 1994). Ortega et al. (2010) found no difference in E. coli cell adhesion on 
stainless steel sheet with different roughness values (Ra). However, higher cell density 
remained on sheet with rougher surface after whirlpool water rinsing.  
Correlation between surface roughness and microbial retention or removal in 
fresh produce has only recently been studied. However, difference in produce surface 
characteristics has been related to discrepancies in microbial attachment. Han et al. 
(2000) reported more extensive adhesion, growth, and resistance to disinfection of E. coli 
O157:H7 on injured green pepper surface than on uninjured surface. Higher retention of 
Salmonella Chester population was also observed on injured apple tissue, as well as stem 
and calyx cavities, in comparison to skin area of the fruit (Liao and Sapers, 2000), further 
suggesting a relationship between produce surface characteristics and bacterial retention. 
By using confocal laser scanning microscopy (CLSM), Wang et al. (2009) succeeded in 
measuring the surface roughness of apples, oranges, avocadoes, and cantaloupes. A 
positive correlation between the fruits’ Ra values and adhesion rate of E. coli O157:H7 
was reported. On the other hand, there was a linear negative correlation between the 
fruit’s surface roughness and E. coli O157:H7 population reduction by acidic electrolyzed 
water (AEW) and perooxyacetic acid (POAA).  Additionally, the images obtained from 
scanning electron microscopy (SEM) showed cells harbored in the crevices on rougher 
fruit surfaces, which provided protection to the pathogens against sanitizing treatment. 
These results indicated that rougher produce surface promoted bacterial adhesion while 
inhibiting inactivation. 
 
2.5.2 Biofilm formation 
Biofilms are defined as bacterial populations that are enclosed by a matrix and 
attached to each other and/or surfaces (Costerton et al., 1995). The matrix consists of up 
to 97% water, microbial cells, exopolysaccharide (EPS), protein, DNA and RNA 
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(Sutherland, 2001a). The EPS is responsible for biofilm structure (Sutherland, 2001b) and 
allows biofilm to stick to various surfaces (Mckenney et al., 1998; Watnick and Kolter, 
1999). Attachment of biofilm to a surface may be irreversible causing cleaning to be 
challenging (Agle, 2007). Furthermore, biofilms are more resistant to antimicrobial 
agents than planktonic cells. Ryu and Beuchat (2005) observed higher resistance to 
chlorine in E. coli O157:H7 biofilms in comparison to the individual cells. Exposing 
biofilms of Pseudomonas aeruginosa and Klebsiella pneumoniae with 1000 mg/L of 
alkaline hypochlorite or chlorosulfamate for 1 h reduced the viable cell count by 
approximately 1 log CFU (Stewart et al., 2001). On the contrary, the same treatment on 
planktonic cells resulted in more than 6 log CFU reduction in 1 min. Norwood and 
Gilmore (2000) reported similar observations in Listeria monocytogenes multispecies 
biofilm. Approximately 2 log CFU reduction was achieved after treating the biofilm with 
1000 ppm sodium hypochlorite (NaClO) for 20 min, while treatment with 5 ppm NaClO 
for 30 s was sufficient to completely eliminate the planktonic cells. 
Formation of biofilm on fresh produce surfaces has been documented. Annous et 
al. (2006) detected Salmonella biofilm on cantaloupe skin surface, E. coli O157:H7 
biofilm within apple calyx region, and Shigella boydii biofilm on parsley leaf surface.  
Additionally, naturally occurring biofilms were found on the cotyledons, hypocotyls, and 
roots of commercially-grown alfalfa, broccoli, clover and sunflower sprouts, as well as 
on alfalfa sprouts grown for 2 days in the laboratory (Fett, 2000). Natural biofilms were 
also observed on cotyledons of mung bean sprouts (Fett and Cooke, 2003) and surface of 
lettuce leaves, especially in the stomata and intercellular junctions (Carmichael et al., 
1998). These biofilms formed by indigenous microorganisms may provide protection for 
human pathogens, reducing the efficacy of sanitizers applied during disinfection (Fett, 
2000). Le Chevallier et al. (1988) reported that biofilm bacteria were 150 to 3,000 times 
more resistant to hypochlorous acid than unattached cells. Similar results were also 
documented by Ronner and Wong (1993) who found less population reduction of L. 
monocytogenes and Salmonella Typhimurium biofilms than planktonic cells after 
treatment with chlorine and other sanitizers. The effect of biofilm formation on 
inactivation of Salmonella Typhimurium on parsley leaf surface was investigated by 
Lapidot et al. (2006). Biofilm-forming Salmonella cells attached more strongly to the 
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plant and had higher recovery rate upon chlorination than their non-biofilm-forming 
counterparts. As indicated by these studies, biofilm development on plant surfaces 
influences the effectiveness of a disinfection treatment. 
 
2.6 IMAGING TECHNOLOGY 
 
2.6.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a microscopy technique which uses high-
energy electron beam, instead of light, to generate signals at the surface of solid samples 
and form an image (Swapp, n.d; Anon., 2010; Wikipedia, 2010). The concept of SEM 
was first described by M. Knoll in 1935 (Breton, 2009). Based on his work and 
transmission electron microscope, M. von Ardenne built a scanning transmission electron 
microscope (STEM) in 1938. The main advantage of SEM over traditional microscope is 
that it can create high resolution images. Currently, most commercial SEM instruments 
have a resolution of 1-5 nm (Goldstein et al., 2003). Another benefit of SEM is that it has 
a large depth of field, which allows for three-dimensional appearance of the sample. 
The fundamental components of an SEM instrument are electron source, electron 
lenses, sample stage, detectors, data output devices, vacuum system, cooling system, and 
power supply (Swapp, n.d). In general, an electron beam with an energy ranging from 0.5 
keV to 40 keV is emitted from an electron source fitted with a filament cathode 
(Wikipedia, 2010). The beam is then focused by one or two condenser lenses into a very 
fine spot with a diameter of 0.4 nm to 5 nm. The beam passes through a series of 
deflector plates in the electron column which deflect the beam and cause it to scan in a 
raster fashion over a rectangular area of the sample surface. As the primary electron beam 
hits the sample surface, the electrons are scattered within the interaction volume, which 
encompasses 100 nm to 5 µm into the surface. Reflection of high-energy electrons upon 
energy exchange between the electron beam and the sample is detected by the detector 
and used to generate images.  Biological sample preparation for SEM usually requires 
fixation, dehydration, and drying since SEM operates at high vacuum (Wikipedia, 2010; 
Little et al., 1991). Fixation is commonly performed in buffered chemical fixative 
solutions, such as glutaraldehyde, followed by postfixation in osmium tetroxide. The 
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fixed sample is then dehydrated in increasing concentrations of ethanol solution. 
Generally, the sample is dried by critical point drying and sputter-coated with gold or 
gold/palladium alloy. The coating is necessary to prevent “charging” or build-up of local 
electron concentrations on non-conductor surfaces. Extensive manipulation during 
sample preparation may produce artifacts, especially when applied on biological samples 
such as biofilms (Little et al., 1991; Fratesi et al., 2004), as shown in Figure 2.3.  
 
Figure 2.3 SEM and ESEM images of biofilm. (A) Fibrous strands of biofilm remnants 
(SEM sample prepared by ethanol dehydration with critical-point drying). (B) 
Accumulation of the same biofilm (ESEM sample; water vapor pressure = 1.8 torr) 
(Fratesi et al., 2004). 
 
Environmental scanning electron microscope (ESEM) can be used to avoid 
artifacts caused by SEM sample preparation. Unlike SEM, ESEM is capable of operating 
at relatively high pressures (0.1 to 20 torr) which allows dissipation of sample charging 
into the gaseous environment of the sample chamber (Little et al., 1991). Therefore, the 
coating step can be eliminated while images of non-conductive samples can still be 
generated. Wet samples, such as biofilms, can be observed directly without any 
processing when water vapor is used as the sample environment. However, it is very 
difficult to achieve the magnification and resolution required to obtain good images of 
bacteria with ESEM. 
Both methods, especially SEM, have been used successfully to capture highly 
magnified images of biological specimens. Liu et al. (2009) studied the morphological 
change of E. coli O157:H7 cells upon nanoparticle zinc oxide (ZnO) treatment via SEM. 
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Ölmez (2010) observed aggregation of E. coli O157:H7 cells on lettuce leaf after 18 h 
incubation at 22 °C with SEM. Itoh et al. (1998) employed immunofluorescence 
microscopy and SEM to show internalization of E. coli O157:H7 into cotyledons and 
stomata of radish sprouts during sprouting. Structure and morphology of biofilms on non-
biological surfaces have also been extensively investigated by using SEM and ESEM 
(Coutinho et al., 1993; Beech et al., 1996; Percival et al., 1999). Agle (2003) utilized both 
SEM and ESEM to show that S. boydii 18 cells on parsley leaf were protected from 
washing with FIT (food sanitizer) by biofilm remnants. Wang et al. (2009) utilized SEM 
to study the distribution of E. coli O157:H7 on cantaloupe, orange and apple surfaces 
after washing treatments and found that bacteria entrapped in the crevices were able to 
develop biofilms after a period of time.  
 
2.6.2 Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) is an optical tool with depth 
selectivity (Pawley, 2006) that has been increasingly used as a non-invasive evaluation 
method for food and other materials (Wang et al., 2009). The concept of CLSM was first 
patented by Marvin Minsky in 1957, but it took another thirty years and the development 
of lasers for CLSM to become a standard technique (Heertje et al., 1987; Minsky, 1988). 
The main advantage of CLSM over traditional microscopy is its ability to construct a 3-D 
image from a series of 2-D images through a process called optical slicing (Figure 2.4; 
Rao et al., 1992). The laser beam can penetrate into a thick segment of sample and collect 
structural information at different depths without damaging the sample’s internal 










The main components of CLSM are laser source, dichroic mirror, objective lens, 
confocal pinhole, and photomultiplier as shown in Figure 2.5 (Dürrenberger et al., 2001).  
Sample is irradiated serially and the fluorescence generated from the interaction between 
the laser beam and the sample is measured in a point-wise fashion (Wilhelm et al., n.d). 
The sample is moved relative to the laser beam or the laser beam is directed across the 
sample, in a process called scanning, in order to acquire a complete image of the sample. 
A laser beam is focused onto the specimen by an objective lens irradiating the sample and 
exciting fluorescent signal. The signal is collected again by the objective lens and 
directed onto the detector (PMT) via a dichroic beamsplitter. A confocal aperture or 
pinhole is placed in front of the detector parallel to the focal plane of the objective lens. 
The pinhole obstructs out-of-focus light from points outside the focal plane preventing its 








Figure 2.5 Principal components of 
CLSM: (1) laser source, (2) dichroic 
mirror, (3) objective lens, (4) specimen, 
(5) confocal pinhole, (6) photomultiplier 
(Dürrenberger et al., 2001). 
 
Detection of bacterial cells in food materials has been investigated with CLSM. 
Burnett et al. (2000) showed attachment of E. coli O157:H7 cells on the surface and 
within the internal structure of Red Delicious apples using CLSM. Auty et al. (2005) via 
CLSM revealed internalization of E. coli O157:H7 cells in beef and carrot tissues. In 
addition to its ability to detect bacterial cells at certain depths, CLSM can also be used to 
obtain 3-D information of a sample segment. Dürrenberger et al. (2001) acquired 3-D 
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images of yam parenchyma cellular structure and the protein and starch networks of 
wheat products with CLSM. Moreover, a method to calculate surface roughness (Ra) 
with CLSM has been developed by Wang et al. (2009) and has been successfully 
demonstrated on apple, orange, avocado, and cantaloupe surfaces. The principle of this 
method is reconstruction of a 3-D image from a series of 2-D images obtained by optical 
slicing, followed by calculation with a program composed using Matlab (Wang et al., 
2009).  
 
2.6.3 Contact surface profilometry 
Most commonly, contact surface profilometer relies on a stylus or probe, usually 
made of diamond, to measure the roughness of a surface (Mattsson, 2007). In this 
technique, the stylus is moved laterally through a surface to detect height variations as a 
function of distance (Thomas, 1999). The early stylus profilometers utilized levers to 
magnify the vertical movement of the stylus and the resulting profile was recorded on a 
smoked-glass plate. Installation of transducers in modern stylus profilometers allows the 
conversion of vertical displacement perceived by the stylus into electronic signals.  The 
instrument software can then process these electronic signals to calculate the surface 
roughness (Ra) (Amaral and Chong, 2002). 
 The accuracy of surface roughness by this method is largely influenced by stylus 
size, load, and speed (Amaral and Chong, 2002).  The radius of the stylus typically 
ranges from 20 nm to 25 µm (Wikipedia, 2011). As a result, fine definitions, such as tiny 
cracks, smaller than the stylus’ radius cannot be accounted towards the surface roughness 
calculation. In addition, stylus size and shape limit the tracing of steep peaks and deep 
valleys on the sample surface, resulting in their exclusion from the surface roughness 
calculation. Inappropriate stylus load or force applied on the sample may cause surface 
deformation which gives inaccurate representation of the sample surface. Stylus speed 
also has to be properly adjusted in order to ensure continuous stylus-surface contact and 
true description of surface.  
Due to its relatively simple operation and fast result, contact surface profilometry 
is frequently used to measure surface roughness of hard surfaces. Loh et al. (2010) 
investigated the effect of pre-treatment on the surface characteristics of oil palm stem 
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using a stylus profilometer. Godoy et al. (2009) determined the surface roughness of 
human enamel upon treatment with desensitizing paste. Yust and Blau (1997) used 
contact surface profilometry to quantitatively measure wear scar of less than 1 µm on 
curved surface of engine cylinder. Despite its extensive application in non-food 
industries, stylus profilometry is rarely employed to measure surface roughness of fruits 
and vegetables because of their soft texture and highly irregular surfaces (Verran and 
Boyd, 2001).  Nevertheless, Zhou (2010) successfully measured surface roughness of 
spinach and lettuce leaves with a contact profilometer, by freeze-drying the leaves prior 
to the measurement to avoid deformation. This method creates opportunity for 
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THE EFFECT OF CALCINATED CALCIUM AND CHLORINE TREATMENTS 




Consumption of raw vegetable sprouts has been associated with a number of 
Escherichia coli O157:H7 outbreaks. The largest E. coli O157:H7 outbreak, which 
affected 6,000 people in Sakai City, Japan in 1996, was linked to the consumption of 
contaminated radish sprouts (Ministry of Health and Welfare of Japan, 1997; Taormina et 
al., 1999c). More recently, Jimmy John’s Salmonella outbreak due to the consumption of 
alfalfa sprouts in December 2010 sickened 88 people across 15 states in the U.S. Due to 
recurring reports of illness associated with the consumption of raw sprouts, the US Food 
and Drugs Administration (USFDA) has issued a guidance to seed suppliers and sprout 
growers, aiming at minimizing microbial hazards in sprouts (USFDA, 1999). The 
USFDA recommended soaking seeds in 20,000 ppm chlorine solution to decontaminate 
the seeds before sprouting (USFDA, 1999). This method, however, was reported to be 
incapable of eliminating all inoculated E. coli O157:H7 in laboratory testing (Taormina et 
al., 1999b; Lang et al., 2000; Holliday et al., 2001). As a result, a number of studies have 
been conducted with a purpose to improve the efficacy of conventional disinfection 
procedures by utilizing heat, ultrasound, high pressure, supercritical carbon dioxide, 
chemical sanitizers, and combinations of the physical and chemical methods (Jaquette et 
al., 1996; Lang et al., 2000; Scouten and Beuchat, 2002; Weiss and Hammes, 2005; Kim 
et al., 2006; Jung et al., 2009; Neetoo and Chen, 2010). However, only few of those 
studies have showed promising results without compromising the seed germination.  
Due to the inability of current seed sanitation practice to eliminate pathogens, the 
survival and growth of remaining pathogens on seeds has become a critical issue. It is 
compounded by the fact that the sprouting conditions are actually one with optimum 
temperature and water activity for bacterial growth (Taormina et al., 1999c; Fu et al., 
2001). Artificially inoculated E. coli O157:H7 population on alfalfa seeds can reach a 
maximum number of approximately 5-6 log CFU/g sprout after a 3-d sprouting regardless 
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of the initial inoculation level (Stewart et al., 2001). Furthermore, the edible parts of 
radish sprouts, which are the hypocotyl and cotyledon, can be highly contaminated with 
E. coli O157:H7 after germination in contaminated water (Hara-Kudo et al., 1997). The 
development of effective intervention technologies during sprouting after seed sanitation 
is essential for ensuring the microbial safety of raw sprouts.   
Calcinated calcium is made from ground oyster shells which have been subjected 
to a high temperature heating, resulting in a highly-alkaline fine white powder (Bari et 
al., 1999; Gandhi et al., 2003). The bactericidal effect of this product has not been 
thoroughly examined, but some sporadic studies have shown that calcinated calcium is 
effective in inactivating E. coli O157:H7 on radish sprouts and shredded cabbage (Bari et 
al., 1999; Fukuyama et al., 2009). While previous study by Bari and others (1999) 
demonstrated that 0.4% (w/v) calcinated calcium was sufficient to completely eliminate 
E. coli O157:H7 on radish seeds, the experiment did not follow a standard procedure. In 
the aforementioned work, uninoculated radish seeds were grown in E. coli O157:H7 
suspension supplemented with calcinated calcium. Upon addition of calcinated calcium, 
the planktonic cells might be killed by the sanitizer before they had the chance to attach 
onto the seeds. In a preliminary experiment of this study, the authors showed that 0.04% 
(w/v) calcinated calcium was effective in inactivating planktonic E. coli O157:H7 87-23 
cells (Fransisca, 2010). Calcinated calcium, unlike chlorine, had a slow but steady mode 
of inactivation and its activity was not diminished by the presence of organic substances. 
These characteristics of calcinated calcium might be desirable for a spray, instead of 
soak, application during sprouting. This study was undertaken to investigate the 
bactericidal component of calcinated calcium and to study the effect of pre-germination 
soaking of seeds in a chlorine solution followed by a calcinated calcium spray during 
sprouting on the reduction of E. coli O157:H7 population in radish sprouts. Additionally, 
scanning electron microscopy (SEM) was applied to investigate the distribution of E. coli 







3.2 MATERIALS AND METHODS 
 
3.2.1 Sample and chemical preparation 
 
3.2.1.1 Seeds and chemicals 
Radish seeds were obtained from a commercial supplier (International Specialty 
Supply, Cookeville, TN, U.S.A.) and were refrigerated at 4 °C in a dry environment until 
use. Calcinated calcium was provided by Sanigen Co., Ltd. (Juam dong, Korea). Calcium 
oxide (CaO, reagent grade, 98%) was obtained from Fisher Scientific (Pittsburgh, PA, 
U.S.A.). 
 
3.2.1.2 Preparation of inoculum 
Non-pathogenic E. coli O157:H7 87-23 obtained from former Produce Quality 
and Safety Lab (USDA-ARS, Beltsville, Md., U.S.A.) was grown in 3x100 mL tryptic 
soy broth (TSB, Becton Dickinson, Sparks, MD, U.S.A.) supplemented with 50 µg/mL 
nalidixic acid (Sigma Aldrich Co., St. Louis, MO, U.S.A.) at 37 °C for 18 h. The cells 
were collected by centrifugation at 4 °C and 6000 × g for 10 min and resuspended in 
3x100 mL sterile 0.1% peptone and 0.85% saline water (PSW). A final inoculum 
containing approximately 107 to 108 CFU/mL E. coli O157:H7 87-23 was obtained. This 
strain was chosen because it was a surrogate of pathogenic E. coli O157:H7 and had been 
shown to have similar sensitivities to chemical treatments as its pathogenic counterpart. 
 
3.2.1.3 Preparation of treatment solutions 
The sodium hypochlorite (NaOCl) solution, reagent grade with 10.0 to 15.0% 
available or free chlorine (Sigma Aldrich Co., St. Louis, MO, U.S.A.), was diluted by 
distilled water to 200 and 20,000 ppm free chlorine. The free chlorine in the resulting 
solutions was measured with a chlorine test kit (Hach Co., Ames, Ia., U.S.A.). The 
calcinated calcium was dissolved in distilled water at a concentration of 0.04% (w/v) and 
0.4% (w/v), and stirred at medium speed for 20 min. Due to low solubility of calcinated 
calcium at room temperature, an unstable suspension, instead of a solution, was form at 
0.4% (w/v). Calcium oxide solution was prepared similarly to the calcinated calcium 
40 
 
solution at 0.04% (w/v). Sodium thiosulfate (Na2S2O3) solution was prepared at 10% 
(w/v) concentration and autoclaved at 121 °C for 15 min. All solutions were freshly made 
on the day of the experiment. 
 
3.2.1.4 Inoculation of radish seeds 
Radish seeds (300 g) were added into the inoculum (300 mL) and gently mixed 
for 2 min. The seeds were drained, spread over double-layer cheesecloth on top of a 
plastic rack, and air-dried overnight under a laminar flow hood (Labconco Purifier PCR 
Enclosure, Kansas City, Mich., U.S.A.). The microbial plate count was done to determine 
E. coli O157:H7 87-23 populations on inoculated seeds as described below. The 
inoculated seeds with approximately 104 to 105 CFU/g of E. coli O157:H7 87-23 were 
prepared one day prior to each set of experiments.  
 
3.2.2 Determination of bactericidal component of calcinated calcium 
The calcinated calcium and calcium oxide solutions were added to a 100 mL E. 
coli O157:H7 87-23 cell suspension (app. 106-107 CFU/mL) to reach a final 
concentration of 0.04% (w/v). The suspension was continuously agitated during the 
treatment period. One milliliter samples were taken every 2 min for 12 min and every 10 
min until 40 min (total 40 min), diluted to predetermined dilution factors, and plated on 
tryptic soy agar (TSA, Becton Dickinson, Sparks, MD, U.S.A.) with 50 µg/mL nalidixic 
acid (TSAN). The plates were incubated at 37°C for 24 h and the number of recovered 
populations was reported as CFU/mL. 
 
3.2.3 Chlorine and calcinated calcium degradation 
Ten grams of radish seeds, sprouted seeds after 24h germination, or sprouts after 
48h germination were added to 100 mL of 200 ppm NaClO solution or 0.04% (w/v) 
calcinated calcium solution and the mixture was stirred occasionally. The free chlorine 
concentration of NaClO solution measured with Hach chlorine test kit (Hach Co., Ames, 





3.2.4 E. coli O157:H7 inactivation with chlorine wash and calcinated calcium spray  
 
3.2.4.1 Pre-germination wash in chlorine solution 
The inoculated seeds (30 g) were submerged in tap water (+ control), 200 ppm, or 
20,000 ppm NaOCl solutions (300 mL) for 20 min at room temperature while being 
stirred with a magnetic stirrer at medium speed (app. 600 rpm). The seeds were drained 
and rinsed in 200 mL distilled water for 1 h with constant stirring at medium speed. The 
bacteria population on the seeds from each treatment was determined after a pre-
germination wash and after rinse as described below. 
 
3.2.4.2 Calcinated calcium spray during sprouting 
The rinsed seeds (10 g) from each treatment were placed on 3 pieces of filter 
paper (90 mm dia, Whatman #1) on top of a wire screen in sterile plastic containers 
(Glad® 25-oz) with lids (Glad Products Co., Auckland, CA, U.S.A.). The wire screen 
was necessary to provide elevation in order to prevent the seeds from being soaked in 
water or calcinated calcium solution during sprouting. The seeds from each treatment 
were sprayed with 15 mL water (control) or 15 mL calcinated calcium solution (0.04%, 
w/v or 0.4%, w/v) using a 50-mL plastic fine mist sprayer (Wholesale Merchandiser Inc., 
Grand Rapids, MI, U.S.A.) at the beginning of sprouting and then every 6 to 8 h for 72 h. 
For the 0.4% calcinated calcium suspension, the mixture was agitated rigorously prior to 
spraying to attempt even particle distribution on seed and sprout surfaces. The seeds were 
sprouted in the dark at room temperature. The bacteria population on the sprouts from 
each treatment was determined as described below. 
 
3.2.4.3 Seed germination and yield 
Inoculated radish seed samples (10 g each) treated as described above were 
evaluated for their germination rates. The number of germinated seeds out of the 10 g 
sample (approximately 330 seeds), which had at least 2 mm of visibly protruding radical, 
was counted after 72 h of germination in the dark at room temperature (Kim et al., 2006) 
and the germination rate was calculated. All sprouts and ungerminated seeds from each 
treatment were weighed to determine yield. 
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3.2.4.4 Microbiological analysis 
After pre-germination soak, rinse, or 72-h sprouting, the seeds or sprouts (10 g) 
from each replicate were transferred into a stomacher bag (Whirlpak®, Nascto, Fort 
Atkinson, WI, U.S.A.) and pummeled with 90 mL sterile PSW in a stomacher (Lab-
Blender 400, Cooke Laboratory Products, Alexandria, VA, U.S.A.) at 230 rpm for 2 min. 
Sodium thiosulfate was added as a neutralizer to chlorine-treated seeds along with PSW 
during pummeling. The mixture was serially diluted with sterile PSW and the diluted 
samples were plated (0.1 mL) on TSAN. The number of surviving bacteria was counted 
as a unit of CFU/g after incubation at 37 °C for 24 h. 
 
3.2.5 SEM of E. coli O157:H7 87-23 on radish seeds and sprouts  
All solutions used in this protocol were obtained from Polysciences, Inc. 
(Warrington, PA, U.S.A.). The radish seeds and sprouts were collected and fixed with 2% 
paraformaldehyde and 2.5% glutaraldehyde (both electron microscopy grade) in 0.1 M 
sodium cacodylate buffer (pH 7.4) for 4 h in a fridge. Then, the samples were rinsed with 
0.1 M sodium cacodylate buffer for 10 min on a shaker table and incubated in 1% 
osmium tetroxide (in 0.1 M sodium cacodylate buffer) for 90 min in the dark. The 
samples were rinsed once again in 0.1 M sodium cacodylate buffer on a shaker table for 
10 min and subjected to dehydration in gradually increasing ethanol concentrations (37%, 
67%, 95%, and 100%) for 10 min each (3 × 10 min for 100% ethanol dehydration) on a 
shaker table. Fixed samples were dried using a critical point dryer (Samdri-PVT-3D, 
Tousimis, Rockville, MD, U.S.A.) with liquid CO2 and sputter-coated with a thin layer of 
gold/palladium coating. The samples were then observed under SEM (Philips XL30 
ESEM-FEG, FEI Company, Hillsboro, OR, U.S.A.) available at the Beckman Institute of 
Advanced Science and Technology at the University of Illinois at Urbana-Champaign for 
presence of E. coli O157:H7 87-23. 
 
3.2.6 Statistical analysis 
All treatments were replicated 3 times. The results were analyzed using the 
Statistical Analysis System version 9.1. (SAS Institute, Raleigh, NC, U.S.A.) for one-way 
analysis of variance (ANOVA) to determine the differences in germination rate, yield, 
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and growth of E. coli O157:H7 87-23 population after each step. Fisher’s least significant 
differences (LSD) was performed when there was a significant difference among 
treatments at P = 0.05. 
 
3.3 RESULTS AND DISCUSSION 
 
3.3.1 Bactericidal component of calcinated calcium 
According to the manufacturer, the calcinated calcium used in this study is 
comprised of 99% calcium oxide. However, in the presence of water, CaO becomes 
calcium hydroxide (Ca(OH)2), which is a strong base (Farndon, 2000). Thus, this study 
chose to compare the bactericidal activity of calcinated calcium and reagent-grade CaO to 
determine whether CaO was indeed the active component in calcinated calcium. The 
results (Table 2) showed that the bactericidal activity of calcinated calcium was 
statistically the same as the reagent-grade CaO against E. coli O157:H7 87-23. When 
compared with Ca(OH)2 treatment in the same pH range, which approximated 12-13, 
both calcinated calcium and reagent-grade CaO treatments resulted in significantly higher 
bacterial reduction (data not shown). Other antibacterial mechanisms of calcinated 
calcium and CaO, in addition to pH effect, might be responsible for the higher 
bactericidal activity. Sawai and others (1996) reported that shell-derived CaO or 
calcinated calcium powder slurry generated active oxygen such as superoxide anion. The 
same study also showed that the changes in E. coli cells’ sensitivity to antibiotic were 
consistent with those caused by active oxygen treatment. One thing to be kept in mind is 
that different calcinated calcium products might contain different concentration of CaO. 
As demonstrated by Sawai and others (2001), different treatment temperature of the 
shells could result in different final CaO concentration in the calcinated calcium product. 
Thus, the amount of calcinated calcium required to generate the same microbial reduction 






Table 3.1 Population reductiona upon 0.04% (w/v) calcinated calcium and reagent-grade 





Calcinated Calcium Reagent-grade CaO 
2 0.42a 0.60a 
4 0.47a 0.64a 
6 0.56a 0.94a 
8 0.79a 0.89a 
10 1.25a 1.87a 
12 2.09a 2.97a 
20 5.30a 5.90a 
30 5.76a 5.90a 
40 5.91a 5.90a 
aValues within the same row (same treatment time) followed with different letters are 
significantly different (P<0.05). 
bInitial population approximately 7 log CFU/mL. 
 
3.3.2 Comparison of chlorine and calcinated calcium degradation curves 
Degradation curves of chlorine and calcinated calcium in the presence of radish 
seed and sprout (Figure 3.1) were compared to determine which chemical deactivates 
faster in the presence of organic matter. When ungerminated radish seeds were added to 
the solutions, the free chlorine concentration of NaOCl solution decreased from 200 ppm 
to less than 10 ppm in 90 min, while the pH of calcinated calcium declined slightly from 
12.2 to 11.7 during the same period. The degradation rates for both solutions increased 
when the solutions were exposed to germinated seeds (24h germination). The free 
chlorine concentration of NaOCl solution reduced to less than 1 ppm in 60 min and the 
pH of calcinated calcium decreased by 1.2 in 90 min. Chlorine was rapidly deactivated to 
less than 1 ppm after 20 min contact with radish sprouts (48h germination). On the other 








As seeds germinate, they release nutrients to their surroundings (Warriner et al., 
2003; Jablasone et al., 2005) and the amount of organic matter exuded into the 
environment increases as the sprout grows. Many studies have shown that the stability 
and activity of chlorine is greatly influenced by the presence of organic matter 
(Bloomfield and Uso, 1985; Block, 2000). Therefore, continuous increase of chlorine 
deactivation rate upon contact with radish seeds and sprouts was expected. Calcinated 
calcium, on the contrary, was not as affected by organic matter. Although its pH 
decreased at a faster rate in the presence of germinated seeds, the rate increase was not 
significant. However, a method to determine the actual activity of calcinated calcium has 
not been developed. In this study, pH change was chosen as an indicator of its activity 
because higher pH correlates with higher concentration of calcinated calcium. Based on 
this result, calcinated calcium was determined to be a better option for germination spray 
because it degraded slower than chlorine in the presence of radish seeds and sprouts.  
 
Figure 3.1 Degradation curves of (a) NaClO and (b) calcinated calcium solutions in the 
presence of radish seeds, germianted seeds (24h), and sprouts (48h).
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Table 3.2 Germination rates and yields of radish seeds treated with different combinations of pre-germination soak (water, 200 ppm 
NaClO, 20,000 ppm NaClO) and sprouting spray (water and 0.04% calcinated calcium). 
 




Weight of sprouts (g)/ 
weight of seeds (g) 
Water Water 99.1a 4.31a 
Water 0.04% calcinated calcium 99.0a 4.02a 
Water 0.4% calcinated calcium 64.0b 2.36b 
200 ppm NaOCl Water 99.6a 4.44a 
200 ppm NaOCl 0.04% calcinated calcium 99.3a 4.49a 
200 ppm NaOCl 0.4% calcinated calcium 57.2bc 2.22b 
20,000 ppm NaOCl Water 38.5c 1.17c 
20,000 ppm NaOCl 0.04% calcinated calcium 34.6c 2.03b 
aValues in the same column that are followed by different letters are significantly different (P<0.05). 



























Figure 3.2 Sprout grown from seeds soaked for 20 min in (a) water, (b) 200 ppm NaClO, 
(c) 20,000 ppm NaOCl, sprayed with 0.04% w/v calcinated calcium, and d) sprouted 
seeds presoaked in 200 ppm NaOCl and sprayed with 0.4% w/v calcinated calcium. 
 
3.3.3 Germination rate and yield 
The germination rates and yields of radish seeds soaked in chlorine solutions and 
sprayed with calcinated calcium solutions were presented in Table 3.2. Spraying the 
seeds with 0.04% calcinated calcium solution did not affect the germination rate. The 
water-sprayed and the calcinated calcium-sprayed seeds had very similar germination 
rates regardless of their pre-germination treatments.  The yields of water and 0.04% 
calcinated calcium sprayed seeds were comparable for both the water treatment and the 
200 ppm NaOCl wash. A visual observation of the sprouts showed that the sprouts 
sprayed with a calcinated calcium solution had darker seed coats than the water-sprayed 
ones and the color became darker with increasing calcinated calcium concentration 
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(Figure 3.2b,d). The basic pH of the calcinated calcium spray might induce change in the 
seedcoat’s pigment causing the discoloration. For seeds sprayed with 0.4% calcinated 
calcium solution, a significant decrease in the germination rate and yield was observed 
(Table 3.2, Figure 3.2d), which contradicted the results reported by Bari et al. (1999). A 
portion of the seeds that were unintentionally half-soaked in the calcinated calcium 
solution throughout the length of sprouting, due to the uneven sprouting surface, did not 
germinate at all, while the other seeds that were not soaked in the solution were able to 
sprout. Also, as mentioned before, dissolving 0.4% w/v calcinated calcium in water was 
an issue (solubility: 0.1% w/v at 20 °C) and a layer of crystalline structure formed on the 
sprout and seed surfaces. Differences in seed lot, treatment method, and calcinated 
calcium product might be the major causes of the discrepancy with the results by Bari et 
al. (1999).  
The concentration of free chlorine in the soak solution seemed to have a great 
effect on the germination rate and yield. Increasing the free chlorine concentration from 
200 ppm to 20,000 ppm significantly decreased the germination rate and yield (Table 3.2 
and Figure 3.2b,c), regardless of the spray. The percentage of germinated seeds dropped 
from 99% to around 35 – 38% with the increase in free chlorine concentration. 
Consequently, the yield reduced from approximately 44 g to 11 – 20 g, depending on the 
spraying solution. A combination of 20,000 ppm chlorine with water or 0.04% calcinated 
calcium spray significantly reduced the germination and sprout production. In an attempt 
to improve the germination rate and yield of seeds treated with 20,000 ppm chlorine, the 
water-to-seed ratio was increased and neutralizer was added during the rinsing step. 
However, none of them resulted in any improvement (data not shown).  In the reports of 
Holliday et al. (2001) and Lang et al. (2000), the effect of 20,000 ppm chlorine on the 
germination rate of alfalfa seeds was not significant. The low germination rate and yield 
in this work must be caused by the differences in the seeds used (radish vs. alfalfa, 
different seed conditions), different sources of chlorine (NaOCl vs. Ca(OCl)2), and the 
treatment methods.  
 
3.3.4 Population of E. coli O157:H7 87-23 on radish seeds and sprouts 
The survival counts of E. coli O157:H7 87-23 in the radish seeds or sprouts 
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during the sprouting process (pre-germination wash, rinsing, and sprouting) are presented 
in Table 3. Washing with water followed by spraying with water or calcinated calcium 
did not significantly (P>0.05) remove E. coli cells from the radish seeds. The radish seed 
has a rough surface when looked under SEM, which might support attachment of E. coli 
cells on the seed surface. As a result, the shear force introduced by stirring in the soaking 
and rinsing process might not be enough to detach the cells from the seed surface. Water-
spraying the seeds that were washed with water resulted in the highest microbial growth 
(1.83 log) in comparison with other water-soaked samples. The application of 0.04% and 
0.4% w/v calcinated calcium in the sprouting spray seemed to inhibit the growth of E. 
coli cells on radish seeds, but the growth reduction was statistically insignificant.   
Similar to the water wash, the three samples treated with 200 ppm NaClO showed 
a limited reduction of the E. coli population on the seeds. The E. coli population growth 
(1.68 log) on the sprouts sprayed with water during the 72-h sprouting period was slightly 
lower than on water-soaked water-sprayed sprouts, but the difference was statistically 
insignificant (P>0.05). Spraying the seeds with 0.04% calcinated calcium solution 
resulted in the lowest growth (0.12 log) of the E. coli population among all treatment 
combinations. It was also the only combination that maintained statistically the same 
bacterial count throughout the sprouting process, from rinsed seeds to sprouts. Increasing 
the calcinated calcium concentration to 0.4% did not enhance its inhibitory effect on E. 
coli O157:H7 87-23 on radish seeds. Instead, the outgrowth of E. coli (1.05 log) was 
more pronounced during sprouting. Due to the limited solubility of calcinated calcium at 
0.4% w/v, the reduced inhibitory effect might arise from the uneven distribution of 
calcinated calcium on the seeds and the inability of the crystallized particles to reach 
bacteria harbored in the seed crevices.  
Washing with 20,000 ppm NaClO produced the highest log reductions compared 
to the other treatments. Nevertheless, the population reduction was only 0.91 to 1.65 log 
CFU/g, lower than the recommended 5-log reduction (NACMCF, 1999). In the study by 
Taormina and Beuchat (1999b) using 2,000 ppm NaOCl solution to treat alfalfa seeds for 
10 min, a 1.52 log CFU/g reduction of E. coli O157:H7 population was reported.     
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Table 3.3 Effects of pre-germination soak (water, 200 ppm NaOCl, 20,000 ppm NaOCl) and sprouting spray (water and 0.04% 
calcinated calcium) on population of E. coli O157:H7 87-23 on radish sprouts. 
aInoculated untreated seeds 
bTen grams of radish seeds or sprouts were analyzed after each step. Values in the same row followed by different letters are 
significantly different (P < 0.05). 
cPopulation growth after 72 h of sprouting. Values in the same column followed by different letters are significantly different 
(P<0.05). 





Sprouting spray Initiala After pre-
germination soak 
After rinse After 72 h 
sprouting 
(log CFU/g) 
Water Water 4.84b 4.77b 4.11b 5.94a 1.83B 
Water 0.04% calcinated calcium 5.11b 4.93b 5.32b 6.28a 0.96BC 
Water 0.4% calcinated calcium 5.47ab 4.40b 4.95ab 6.11a 1.16B 
200 ppm NaOCl Water 5.02b 4.26b 4.40b 6.08a 1.68B 
200 ppm NaOCl 0.04% calcinated calcium 5.11a 4.63a 5.06a 5.18a 0.12C 
200 ppm NaOCl 0.4% calcinated calcium 5.47b 5.08c 5.12bc 6.17a 1.05BC 
20,000 ppm NaOCl Water 4.66b 3.01c 3.21c 6.20a 2.99A 
20,000 ppm NaOCl 0.04% calcinated calcium 5.11b 4.20c 4.05c 5.95a 1.90B 
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The 10-fold increase in the free chlorine concentration and a longer treatment time (20 
min) used in this study compared with Taormina and Beuchat (1999b) did not 
significantly increase the E. coli O157:H7 reduction in radish seeds. This might be 
caused by the difference in surface characteristics of alfalfa vs. radish seeds. Noticeably, 
the radish seeds washed with 20,000 ppm NaOCl, although started with the lowest 
bacterial count after rinsing (3.21 log), when sprayed with water ended up with the 
highest bacterial growth of 2.99 log CFU/g after 72 h of sprouting, resulting in a final 
count (6.2 log) statistically higher than the initial population. Washing at this condition 
might have killed most natural microflora on radish seeds, allowing the E. coli O157:H7 
cells to grow free of competition. Cooley et al. (2003) also reported that the growth of E. 
coli and Salmonella enterica was higher when no competitive bacteria were present.  
Since the recommended 20,000 ppm wash cannot eliminate all the inoculated E. 
coli cells, the spray has become a critical step in the microbial safety control of sprout 
production. However, the data of this study showed that spray with calcinated calcium at 
0.04 and 0.4% had limited effect on the E. coli count reduction. The best it can do is to 
restrain the growth of E. coli O157:H7 87-23 in sprouting. Similar observations were 
reported by Taormina and Beuchat (1999a) when they sprayed several chemical 
sanitizers (NaOCl, Ca(OCl)2, and acidified NaOCl2) on alfalfa sprouts after washing with 
various seed decontamination solutions and found that spraying those sanitizers did not 
significantly (P>0.05) reduce populations of E. coli O157:H7 after 96 h of sprouting. 
Obviously, a more effective microbial safety control strategy is in urgent need for the 
sprout industry and more studies into this area are needed.  
 
3.3.5 SEM of radish seeds and sprouts 
The SEM images of inoculated and treated radish seeds are presented in Figure 
3.3. On inoculated seeds, the E. coli O157:H7 87-23 cells populated most of the seed 
surfaces and some cells were harbored in the cracks (Figure 3.3a,b). A few cells showed 
in the image (Figure 3.3d) appeared to be damaged by the sanitizer wash (200 ppm 
NaOCl). Fewer cells were found on seeds treated with 20,000 ppm NaOCl (picture not 
shown) and most of them appeared injured. However, many cells were able to recover 
and proliferate as indicated by the high log growth after 72 h of sprouting (Table 3.3), 
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which might be an indication of sub-lethal injury of the cells. In addition, the radish seeds 
have crevices and uneven surfaces. The cracks and crevices might prevent the chlorine 
solution from getting in contact with the bacteria and hence there might be cells that were 
not reached by the sanitizer during the treatment.  
In radish sprouts grown from seeds soaked in water and 200 ppm NaOCl solution, 
most of the E. coli O157:H7 87-23 population was detected on the roots (Figure 3.4e,f) 
and a smaller portion of the cells was distributed on the hypocotyls and cotyledons 
(Figure 3.4a-d). This was consistent with the findings of Warriner et al. (2003), who 
demonstrated that E. coli and Salmonella colonies were gathered on the roots but not on 
the surface of hypocotyls during 3 d of sprouting. Several studies have shown that 
exudates from germinating seeds support bacterial growth (Andrews et al., 1982; Joce et 
al., 1990; Hara-Kudo et al., 1997). The exudates from germinating seeds and roots can 
supply nutrients for bacteria growth during the early stage of the sprouting process 
(Warriner et al., 2003) causing bacteria to colonize in the vicinity of the nutrients. In 
addition, the root hairs provided a large surface area for the bacteria to attach to and their 
irregular shapes protected the bacteria there from being reached by a sanitizer.  
Some fine web-like structures were observed on all parts of sprouts, especially on 
the cotyledons and roots (Figure 3.4). Those webs were most likely remnants of biofilm 
polysaccharide internal fibrous features resulting from the dehydration process in SEM 
preparation. Fratesi et al. (2004) examined different SEM sample dehydration methods 
and found that thick mucilage textures of biofilms, which could be seen with ESEM, 
were stripped off revealing a lattice of webs when subjected to an ethanol dehydration 
and critical point drying. In this study, the E. coli cells on the sprouts appeared to be 
covered by web-like structures which looked very similar to that reported by Fratesi et 
al.. The occurrence of biofilm on sprouts is problematic because it is more challenging to 
eliminate pathogens once they have formed biofilms on a surface. Although the sprouts 
were sprayed with calcinated calcium during germination, the biofilm matrix might 
protect the cells resulting in reduced efficacy of the sanitizer. Ronner and Wong (1993) 
reported lower population reduction of Salmonella biofilm upon treatment with chlorine 
in comparison to planktonic cells. Lapidot et al. (2006) also documented higher recovery 











forming cells after chlorine wash. As indicated by these studies, once bioflm has formed 
on a surface, it requires much more vigorous treatment to eliminate pathogens. 
Consequently, low concentration calcinated calcium spray was not sufficient to 
completely inactivate E. coli O157:H7 87-23 on sprouts once they formed biofilms.  
 
Figure 3.3 Contaminated radish seeds as shown by scanning electron microscopy. (a) and 
(b) Inoculated untreated seed surfaces, (c) seed surface after pre-germination soak in 















Figure 3.4 Radish sprouts grown from seeds presoaked in 200 ppm NaOCl observed by 
scanning electron microscopy. Cotyledons of sprouts sprayed with (a) water and (b) 
0.04% calcinated calcium. Hypocotyls of sprouts sprayed with (c) water and (d) 0.04% 
calcinated calcium. Roots of sprouts sprayed with (e) water and (f) 0.04% calcinated 









Additionally, some E. coli cells appeared to be embedded in the hypocotyl and 
root tissues of the sprouts (Figure 3.5). This might be caused by the dehydration 
treatment which damaged the polymeric coating of biofilm on the sprouts. Similar 
phenomenon was demonstrated by Little et al. (1991) as they compared ESEM and SEM 
images of biofilms. When observed under SEM, the cells in a biofilm appeared to be 
embedded in the residual polymeric matrix. Nevertheless, it was also possible that the E. 
coli cells exuded substances which corroded the plant tissues and made themselves 
internalized into the sprout tissues. Such occurrence has been confirmed in animal cells 
by Matthews et al. (1997), who observed the adherence of verocytotoxin-producing E. 
coli O157:H7 to a monolayer of immortalized bovine mammary epithelial cells and the 
embedment of the bacteria cells into the monolayer. In plants, Warriner et al. (2003) 
reported that E. coli were present both externally and internally in mung bean sprouts 
grown from artificially inoculated seeds by utilizing viability staining, bioluminescence 
and β-glucuronidase (GUS) staining. Similar results were reported by Itoh et al. (1998) 
who employed immunofluorescence microscopy and SEM to show that the 
internalization of E. coli O157:H7 into cotyledons and stomata of radish sprouts during 
sprouting was possible. None of the plant studies, however, had observed the embedment 
of E. coli cells into the    plant surfaces. This new observation needs to be further 
confirmed and investigated.  
Figure 3.5 Embedding of E. coli O157:H7 87-23 cells in roots of radish sprouts grown 
from seeds presoaked in 200 ppm NaOCl and sprayed with (a) water or (b) 0.04% 




The bactericidal component of calcinated calcium was shown to be calcium oxide. 
Calcinated calcium solution was chosen, instead of chlorine, for the germination spray 
because it was shown to be more stable in the presence of radish seeds and sprouts. 
Washing radish seeds in a 20,000 ppm NaOCl solution achieved approximately 1.60 log 
reduction in E. coli O157:H7 87-23 population but was not able to eliminate the 
inoculated E. coli cells. Spraying radish seeds with calcinated calcium (0.04 and 0.4%) 
with or without a pre-decontamination with NaOCl was not able to further reduce the E. 
coli O157:H7 87-23 population during sprouting. However, soaking the seeds in 200 ppm 
NaOCl followed by spraying with 0.04% calcinated calcium solution for up to 72 h 
significantly inhibited the growth of E. coli O157:H7 87-23 in radish sprouts, while 
maintaining a high germination rate and yield. Regardless of the treatment method, most 
of the E. coli O157:H7 87-23 cells accumulated on the sprout roots and biofilms formed 
on the sprout surfaces. The complex structure and texture of sprout roots, cotyledon, and 
hypocotyls, as well as biofilm matrix, as shown in the SEM images, are likely to protect 
pathogenic bacteria from the sanitizer spray. It is challenging to apply a sanitizer evenly 
throughout all parts on the sprouts and thus it is difficult to inactivate the pathogenic 
bacteria once the seeds have grown into sprouts. Further studies should be conducted to 
improve the efficacy of calcinated calcium on inactivation of E. coli O157:H7 and to 
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THE EFFECT OF SURFACE ROUGHNESS ON INACTIVATION OF ESCHERICHIA 
COLI O157:H7 87-23 BY NOVEL SANITIZER ON SURFACES OF ALFALFA, 
BROCCOLI, AND RADISH SEEDS 
 
4.1 INTRODUCTION 
Seed sprouts have been considered as health food by many consumers because of their 
low fat and calorie contents, as well as their high fiber and antioxidant constituents (Kurtzweil, 
1999). They are often consumed raw or slightly cooked in salads or sandwiches to preserve their 
nutrients (Weiss and Hammes, 2003). Among the available varieties in the market, the most 
popular ones are alfalfa, broccoli, and radish sprouts. Despite their high nutritional content, 
consumption of raw sprouts has been implicated in E. coli O157:H7 outbreaks. Since 1996, there 
have been ten outbreaks associated with consumption of raw sprouts contaminated with E. coli 
O157:H7 in and outside of the United States (CDC, n.d; NACMCF, 1999; Taormina et al., 1999; 
Watanabe et al., 1999). In most of these outbreaks, the seeds were established to be the most 
likely source of the pathogen. As a result, the US Food and Drug Administration (USFDA) 
strongly recommended sprout growers to pre-wash their seeds in 20,000 ppm calcium 
hypochlorite (Ca(OCl)2) solution to kill human pathogens that might attach to the seeds 
(USFDA, 1998). However, this method has been proven in laboratory testing to be ineffective to 
ensure the safety of raw seed sprouts (Taormina et al., 1999b; Lang et al., 2000; Holliday et al., 
2001). 
To solve the microbial safety problem of raw seed sprouts, many studies have been done 
to find an alternative to USFDA-recommended chlorine wash. Among all chemicals studied, 
organic acids and surfactants, or their combination, showed potential in inactivating E. coli 
O157:H7 on artificially-inoculated seeds (Lang et al., 2000; Pao et al., 2007; Zhao et al., 2010). 
However, most of these experiments were conducted with alfalfa seeds only, while several 
studies have demonstrated that the effectiveness of a treatment might not be true for all types of 
seeds (Weiss and Hammes, 2005; Kim et al., 2006; Neetoo et al., 2010). Since the treatments and 
parameters were kept constant in most of these experiments, the difference in microbial 




Characteristics of a surface, such as surface roughness, have been shown to influence 
microbial retention and removal.  Defects on stainless steel surfaces retain more soiling and 
impede cleaning as a result of increased in surface roughness which in turn diminishes cleaning 
shear forces (Leclercq-Perlat and Lalande, 1994). Injured and rough surfaces of fruits and 
vegetables have also been demonstrated to promote microbial retention and prevent inactivation. 
Higher retention of Salmonella Chester was observed on injured apple tissue and irregular 
surfaces, such as stem and calyx cavities, compared to the skin area (Liao and Sapers, 2000). 
Additionally, more extensive adhesion, growth, and resistance to disinfection of E. coli O157:H7 
was found on injured green pepper surface than on uninjured surface (Han et al., 2000). Wang et 
al. (2009) reported a positive correlation between E. coli O157:H7 adhesion rate and surface 
roughness (Ra values) of apple, orange, avocado, and cantaloupe.  
There are several methods that can be used to measure the roughness of a surface. Two of 
them are contact surface profilometry and confocal laser scanning microscopy (CLSM). Contact 
surface profilometry utilizes a stylus to measure the surface roughness (Mattsson, 2007). The 
stylus is moved laterally across the surface to detect vertical displacement which is then 
converted into electronic signals for calculation of Ra values (Amaral and Chong, 2002). This 
technique has been widely used in non-food industry to measure Ra values of various surfaces 
(Yust and Blau, 1997; Godoy et al., 2009; Loh et al., 2010), but it is rarely applied on fruits and 
vegetables due to their naturally deformable surfaces (Verran and Boyd, 2001). Since seed 
surfaces are hard and nonconforming, their changing upon contact with the stylus during 
measurement is not a concern. Therefore, seed surface roughness should be able to be quantified 
by contact surface profilometry. CLSM, on the other hand, is a non-contact method for 
quantitative measurement of surface roughness. The main advantage of CLSM is that it can 
construct a 3-D image by layering a series of 2-D images through a process called optical slicing 
(Rao et al., 1992). The laser beam in CLSM can penetrate into a thick sample and collect 
structural information at different depths without damaging the sample (Gunasekaran and Ding, 
1999). For instance, CLSM was used to obtain 3-D images of yam parenchyma cellular structure 
and the protein and starch networks of wheat products (Dürrenberger et al., 2001). In addition, a 
method has been developed by Wang et al. (2009) which enables calculation of fruit surface 
roughness from CLSM scan data. This method involves optical slicing by CLSM, followed by 
mathematical calculation with a program composed using Matlab. However, determining seed 
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surface roughness with either surface profilometry or CLSM might be challenging, since seeds 
have relatively small size and curved shape.  Moreover, previous studies only validated that 
CLSM measurement was correct for Ra values ranging from 0.80 µm to 6.30 µm (Wang et al., 
2009; Zhou, 2010), but the surface roughness of seeds might not fall within this range.  
The main objectives of this study were to study the effectiveness of new organic acid-
surfactant combinations in E. coli O157:H7 inactivation on alfalfa, broccoli, and radish seeds; to 
measure the surface roughness of the three types of seed using contact surface profilometry and 
CLSM method developed by our group (Wang et al., 2009); and to examine the effect of seed 
surface roughness on E. coli O157:H7 population reduction by the novel sanitizer combinations.  
 
4.2 MATERIALS AND METHODS 
 
4.2.1 Surface roughness determination 
 
4.2.1.1 Sample preparation 
Alfalfa, broccoli, and radish seeds were obtained from a commercial supplier 
(International Specialty Supply, Cookeville, TN, U.S.A.) and were refrigerated at 4 °C in a 
plastic bag. The physical properties of each seed were determined. For bulk density 
measurement, the mass of seeds with a volume of 100 mL was determined by putting the seeds 
in a 100-mL cylinder and weighing them in 3 replicates. The weight of individual seeds was 
measured in 10 replicates. The number of seeds in 1 g was determined in 3 replicates. Individual 
seed was then attached with the flattest side up onto a microscope slide with clay dough. Once 
firmly attached, each seed was blown with cold air from an air blow-gun to remove debris on its 
surface. Each type of seed was prepared in triplicate. 
 
4.2.1.2 Measurement of seed surface roughness  
The Ra value of each seed was measured with a Sloan Dektak 3 ST stylus surface 
profilometer with a 2.5 µm diamond tip (Sloan Tech. Corp., Goleta, CA, U.S.A.). The scan speed 
and stylus force of surface profilometer were set at low and 10 mg, respectively, for all types of 
seed. The scan length for alfalfa and broccoli seeds was set at 100 µm, while that for radish seed 
was set at 500 µm since its size was significantly bigger and flatter than the other two seeds. The 
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scan lengths were determined as such to maximize the scanning area while ensuring that the 
curved outline of the seeds was not included in the roughness calculation. The Ra value was 
calculated by a computer connected to the profilometer. The measurement was repeated three 
times at different spots for each individual seed. 
Confocal laser scanning microscopy (WITec alpha, Ulm, Germany) available in the Laser 
and Spectroscopy Facility at MRL of University of Illinois at Urbana-Champaign was used to 
take a series of 2-D images (90µm × 90µm) by optical slicing the seed surface. The number of 
images was set at 128 for all seed type, while the scan depth was adjusted according to the types 
of seed due to the significant difference in their topography. The scan depths for alfalfa, broccoli, 
and radish seeds were 2 µm, 4 µm, and 26 µm, respectively. 3-D image reconstruction and Ra 
value calculation were done by Matlab as described by Wang et al. (2009). The average 
roughness (Ra) is the arithmetic average of the absolute values of the surface vertical deviation 
measured from the mean plane. The Ra values from contact profilometry and CLSM were 
compared and correlated. The measurement was done in triplicate for each seed type with the 
same seeds used in contact surface profilometry.  
 
4.2.1.3 Scanning electron microscopy of seed surface 
All solutions used in this protocol were obtained from Polysciences, Inc. (Warrington, 
PA, U.S.A.). Alfalfa, broccoli, and radish seeds were fixed with 2% paraformaldehyde and 2.5% 
glutaraldehyde (both electron microscopy grade) in 0.1 M sodium cacodylate buffer (pH 7.4) for 
4 h in a fridge. Then, the samples were rinsed with 0.1 M sodium cacodylate buffer for 10 min 
on a shaker table and incubated in 1% osmium tetroxide (in 0.1 M sodium cacodylate buffer) for 
90 min in the dark. The samples were rinsed once again in 0.1 M sodium cacodylate buffer on a 
shaker table for 10 min and subjected to dehydration in gradually increasing ethanol 
concentrations (37%, 67%, 95%, and 100%) for 10 min each (3 × 10 min for 100% ethanol 
dehydration) on a shaker table. Fixed samples were dried using a critical point dryer (Samdri-
PVT-3D, Tousimis, Rockville, MD, U.S.A.) with liquid CO2 and sputter-coated with a thin layer 
of gold/palladium coating. The samples were then observed under SEM (Philips XL30 ESEM-
FEG, FEI Company, Hillsboro, OR, U.S.A.) at the Beckman Institute of Advanced Science and 




4.2.2 Effect of surface roughness on E. coli O157:H7 inactivation 
 
4.2.2.1 Seeds and chemicals  
Alfalfa, broccoli, and radish seeds were obtained from a commercial supplier 
(International Specialty Supply, Cookeville, TN, U.S.A.) and were refrigerated at 4 °C in a 
plastic bag until use. Ca(OCl)2 (granular, 65% available chlorine) was obtained from Fisher 
Scientific (Pittsburgh, PA, U.S.A.). Malic acid (MA) was from Sigma Aldrich Co. (St. Louis, 
MO, U.S.A.) and surfactant TDS was supplied by Sanigen Co., Ltd. (Juam dong, Korea). 
 
4.2.2.2 Preparation of inoculum 
Non-pathogenic E. coli O157:H7 87-23 was grown in 3x100 mL tryptic soy broth (TSB, 
Becton Dickinson, Sparks, MD, U.S.A.) supplemented with 50 µg/mL nalidixic acid (Sigma 
Aldrich Co., St. Louis, MO, U.S.A.) at 37 °C for 18 h. The cells were collected by centrifugation 
at 4 °C and 6000 × g for 10 min and resuspended in 3x100 mL sterile 0.1% peptone and 0.85% 
saline water. A final inoculum containing approximately 107 to 108 CFU/mL E. coli O157:H7 
87-23 was obtained. 
 
4.2.2.3 Preparation of treatment solutions 
The Ca(OCl)2 granules were dissolved in distilled water to 20,000 ppm free chlorine. The 
free chlorine in the resulting solution was confirmed with a chlorine test kit (Hach Co., Ames, 
IA, U.S.A.). Stock solution (10% w/v) of surfactant TDS was prepared in pure ethanol. The final 
concentration of ethanol in all treatment solutions was 1% at most. Different concentrations of 
organic acid MA and surfactant TDS were made by combining and diluting them in distilled 
water. The concentrations prepared were as follows (MA-TDS w/v): 0%-1%, 0.1%-0%, 0.1%-
1%, 1%-0%, 1%-1%, 10%-0%, and 10%-1%. Sodium thiosulfate (Na2S2O3) solution was 
prepared at 10% (w/v) concentration and autoclaved at 121 °C for 15 min. All solutions were 
freshly made on the day of the experiment. 
 
4.2.2.4 Inoculation of seeds 
Alfalfa, broccoli, and radish seeds (300 g each) were added into the inoculum (300 mL) 
and gently mixed for 2 min. The seeds were drained, spread over double-layer cheesecloth on top 
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of a plastic rack, and air-dried overnight under a laminar flow hood (Labconco Purifier PCR 
Enclosure, Kansas City, Mich., U.S.A.). Microbial plate count was done to determine E. coli 
O157:H7 87-23 populations on inoculated seeds as described below. Inoculated seeds with 
approximately 104 to 105 CFU/g of E. coli O157:H7 87-23 were then placed in plastic bags and 
stored at 4°C until used (7 d at most). 
 
4.2.2.5 Treatment wash 
The inoculated seeds (10 g) were submerged in tap water (+ control), 20,000 ppm 
Ca(OCl)2 solution, or MA-TDS solutions (100 mL) for 20 min at room temperature while being 
stirred with a magnetic stirrer at medium speed (app. 600 rpm). The seeds were drained and the 
bacteria population on the seeds from each treatment was determined. All treatments were done 
in triplicate. 
 
4.2.2.6 Microbial analysis 
Seeds (10 g) from each replicate were transferred into a stomacher bag (Whirlpak®, 
Nascto, Fort Atkinson, WI, U.S.A.) and pummeled with 90 mL sterile 0.1 M phosphate buffer 
(PBS), pH 7.2, in a stomacher (Lab-Blender 400, Cooke Laboratory Products, Alexandria, VA, 
U.S.A.) at 230 rpm for 2 min. Sodium thiosulfate was added as a neutralizer to chlorine-treated 
seeds along with PBS during pummeling. The mixture was serially diluted with sterile PSW and 
the diluted samples were plated (0.1 mL) on tryptic soy agar (TSA, Becton Dickinson, Sparks, 
MD, U.S.A.) with 50 µg/mL nalidixic acid (TSAN). The number of surviving bacteria was 
counted as a unit of CFU/g after incubation at 37 °C for 24 h. 
 
4.2.2.7 Determination of seed germination rate 
The seed samples (100 each) washed as described above in tap water, 0.1% MA-1% 
TDS, 1% MA-1% TDS, 10% MA-1% TDS, and chlorine were evaluated for their germination 
rates. The number of germinated seeds out of the 100 planted seeds, which had at least 2 mm of 
visibly protruding radical (Kim and others, 2006), was counted after 24 h of germination in the 
dark  and another 48 h of sprouting under the light (total 72 h) at room temperature and the 




4.2.3 Statistical analysis 
All treatments were replicated 3 times. The results were analyzed using the Statistical 
Analysis System version 9.1. (SAS Institute, Raleigh, NC, U.S.A.) for one-way analysis of 
variance (ANOVA) to determine the differences in seed surface roughness and log reduction of 
E. coli O157:H7 87-23 population after treatments. Fisher’s least significant differences (LSD) 
was performed when there was a significant difference among treatments at P = 0.05.  
 
4.3 RESULTS AND DISCUSSION 
 
4.3.1 Physical properties 
Table 4.1 shows the physical properties of each seed type. Alfalfa seed had an oval 
shape, while broccoli had a round shape. As indicated by the seed’s physical characteristics, 
broccoli seed was slightly heavier and larger than alfalfa seed. Radish seed was the biggest 
among the three seed types and was vaguely egg-shaped. Furthermore, radish seed was the 
heaviest as it had the least number of seed per gram (58) and the highest weight of individual 
seed (18.2 mg). Pictures of the seeds are presented in Figure 4.1. 
 
Table 4.1 Physical properties of alfalfa, broccoli and radish seeds. 
Seed Bulk density              
(kg/m3) 
Weight/seed          
(mg) 
# seeds/g 
Alfalfa 811 (CV = 0.6%) 2.7 (CV = 6.6%) 474 (CV = 1.8%) 
Broccoli 748 (CV = 0.8%) 3.6 (CV = 8.1%) 323 (CV = 2.2%) 












4.3.2 Seed surface roughness 
The 3-D images of the seed surfaces reconstructed from a series of 2-D layered images 
obtained using CLSM is presented in Figure 4.2a-c. The Ra values of alfalfa, broccoli, and 
radish seed surfaces calculated by Matlab from the CLSM scan data were 0.56 ± 0.09 µm, 1.11 ± 
0.07 µm, and 6.08 ± 0.26 µm, respectively. As indicated by the Ra values and CLSM images, 
alfalfa seed had the most uniform surface among the three seed types, followed by broccoli and 
radish seeds. Alfalfa seed surface (Figure 4.2a) appeared to have a certain pattern with small 
peaks similar in height at every specific interval. The 3-D image of broccoli seed surface (Figure 
4.2b) showed random texture with broader and less pointed peaks on some areas and flatter 
structure at other spots. More diverse topography was observed on radish seed surface (Figure 
4.2c). Large valleys were present on radish seed surface, along with unevenly distributed peaks 
and valleys of various sizes across its surface, which contributed to its high Ra value.  
 
Table 4.2 Surface roughness of alfalfa, broccoli, and radish seeds as measured by CLSM and 
contact surface profilometry. 
Seed 




Alfalfa A 0.56 ± 0.09 c B 0.29 ± 0.11 c 
Broccoli A 1.11 ± 0.07 b A 1.40 ± 0.28 b 
Radish A 6.08 ± 0.26 a B 4.13 ±0.92 a 
a
 Values in the same row (same seed type, different measurement technique) that are preceded by 
the same letter are not significantly different (P<0.05). 
b
 Values in the same column (different seed type, same measurement technique) that are 
followed by the same letter are not significantly different. 
 
These differences in topography, though less apparent, can also be noticed in contact 
surface profilometry output (Figure 4.2d-f). The increasing roughness trend agreed with Ra 
values acquired from contact surface profilometry which were 0.29 ± 0.11 µm, 1.40 ± 0.28 µm, 
and 4.13 ± 0.92 µm for alfalfa, broccoli, and radish seeds respectively. Nevertheless, there was a 
significant difference between Ra values from CLSM and those from contact profilometry for 
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alfalfa and radish seeds, but not for broccoli seed.  CLSM Ra values of alfalfa and radish seed 
surfaces were statistically higher than those measured by contact surface profilometry. The 
reason might be CLSM had the ability to analyze a predetermined area of the seed surface which 
gave a more comprehensive picture of the surface topography. On the other hand, signals used to 
calculate the mean Ra values in contact profilometry were only derived from three lines on the 
seed surface. Therefore, CLSM could detect more detailed topographical variation and had 
higher resolution than contact profilometry. Since alfalfa and some part of radish seed surfaces 
had finer textures, such as smaller peaks and valleys, than broccoli seed surface, CLSM might 
detect these features and included them in the Ra value calculation, while contact profilometry 
might not. 
Determination of seed surface roughness with CLSM and contact surface profilometry 
was demonstrated. Despite its effectiveness, quantitative measurement of seed surface roughness 
by CLSM is limited by its requirement of a flat target surface, while almost all types of seed 
have a naturally curved silhouette. Therefore, care must be taken during placement of seed and 
selection of target area. The apex of the seed is usually chosen as the scanned area as it is 
considered to be the flattest part of a seed’s outline. Also, scan width and height must be 
properly adjusted according to the size of the seed to avoid including the curved segment in the 
scan. If these parameters are not correctly modified, the program will assume the curve as a part 
of surface roughness and the resulting Ra values will not reflect the actual surface texture. Scan 
depth should also be set appropriately to ensure complete depiction of the seed surface’s vertical 
displacement. Contact surface profilometry was also proven to be a decent method for seed 
surface roughness determination. The advantage of this method over CLSM is faster and simpler 
operation with similar results to CLSM. Nevertheless, it may provide incomplete picture of the 
seed surface as its calculation is only based on signals collected from a line. When fine surface 
textures are present, the stylus may not be able to detect them. Additionally, this method is also 
limited by the presence of a curve. The scanned signals had to be cut into shorter distance in 













Figure 4.2 The reconstructed CLSM 3-D images of (a) alfalfa, (b) broccoli, (c) radish seed 




SEM images of alfalfa, broccoli, and radish seed surfaces are shown in Figure 4.3. The 
SEM images further verified the surface texture dissimilarities among the three seed types. 
Among the three seed types, alfalfa seed surface was the smoothest. There appeared to be a 
consistent topography pattern of small hills and narrow valleys all across the seedcoat, except for 
the hilum which is the spot where the seed was attached to the pod (Conrad, 2009). In addition, 
there was a deep cut at the center of the hilum. Broccoli seedcoat also had a certain surface 
structure with shallow valleys and beehive-like peak network, but it was not uniform throughout 
the surface.  Some areas on the seedcoat seemed flat and irregular. Unlike alfalfa seed, the 
hilum of broccoli seed was closed and less prominent. Radish seed had the most defined surface 
texture, which was somewhat similar to cantaloupe skin. Its seedcoat was covered with deep 
valleys surrounded by vaguely hexagonal web of hills that are interconnected with each other. 
The surface texture at the bottom of the valleys was bumpy. The hilum of radish seed looked 
porous, although it did not have a slit like alfalfa seed’s. The SEM images validated the surface 
roughness measurements of each seed type. Alfalfa seedcoat had the least vertical variations, 
while radish seedcoat had the most and thus their Ra values corresponded accordingly. Figure 
4.4c shows that E. coli cells inoculated on radish seeds were located on hills and in valleys of 
radish seedcoat. Additionally, a lot of E. coli cells accumulated at the corners where hills and 
valleys met. Since broccoli seed also had crevices on its seedcoat, many of the inoculated 
pathogens appeared to harbor within the rough valleys of the seedcoat (Figure 4.4b). On the 
other hand, E. coli cells on alfalfa seeds (Figure 4.4a) were mostly spread out across the seed 
surface, because the valleys on alfalfa seedcoat were so shallow that entrapment of bacteria 





Figure 4.3 SEM images of (a-d) alfalfa, (e-h) broccoli, and (i-l) radish seed surfaces. The hilums of (d) alfalfa, (h) broccoli, and (l) 
radish seeds are shown.

















Figure 4.4 SEM images of E. coli O157:H7 87-23 on (a) alfalfa, (b) broccoli, and (c) radish 
seeds. 
 
4.3.3 Effect of novel sanitizers on germination rate and population reduction 
The germination rate of each type of seed after each treatment is shown in Figure 4.5. 
Alfalfa seed’s germination rate was not negatively affected by any of the treatments. All 
treatments resulted in high germination rate (92-99%) of alfalfa seeds. Broccoli and radish seeds, 
on the other hand, were more sensitive to high concentration of MA. Treatment with 10% MA-
1% TDS significantly reduced the germination rates of broccoli (85%) and radish (84%) seeds. 
Nevertheless, the germination rates were still close to the minimum acceptable germination rate 
of 85% (Kim et al., 2006). The difference in germination rates further verifies that seeds have 
varying sensitivities to pre-germination treatments. Kim et al. (2006) reported lower germination 


































The seed coat’s characteristics of each seed type may help explain the difference in chemical 
sensitivity. Alfalfa seeds have a relatively impermeable seed coat due to its thickened outer wall 
of palisade cells (Lute, 1928). Although broccoli seed’s intact seed coat is also capable of 
protecting the embryo, it lacks a semipermeable layer in the embryo envelopes that select against 
certain molecules (Beeresniewicz et al., 1995). The outer surface of radish seed coat was 
described as more “pitted” (Hayward, 1948) resulting in more surface area in contact with the 
sanitizer and possibly higher water permeability (Neetoo and Chen, 2010).  The difference in 
seedcoat thickness and seed internal structure can be seen in the microCT images of each seed 
(Appendix D). As mentioned previously, alfalfa seed appeared to have thicker protective layer 
than the other two seeds. The embryos of broccoli and radish seeds were in immediate contact 
with the thin seedcoat, while that of alfalfa seed seemed to be enveloped by another layer of 
undercoat. Consequently, broccoli and radish seeds were more sensitive to the sanitizers than 




Figure 4.5 Germination rates of alfalfa, broccoli, and radish seeds after treatments. Values 




E. coli O157:H7 population reductions on alfalfa, broccoli, and radish seeds treated with 
tap water, MA-TDS solutions, and Ca(OCl)2 solution are presented in Table 4.3. Washing alfalfa 
seeds with tap water only resulted in 1.25 log CFU/g reduction and adding 1% TDS increased 
the log reduction by app. 1 log CFU/g. Population reduction on alfalfa seeds upon treatment with 
0.1% MA was statistically the same as that obtained after washing in tap water. Increasing the 
concentration of MA enhanced E. coli O157:H7 inactivation on alfalfa seeds. No colony was 
observed on TSAN plate, but growth was detected after enrichment on alfalfa seeds washed in 
10% MA. Adding 1% TDS to the MA solutions increased log reduction significantly in 
comparison to those after treatments with MA solutions only. Treatment with 10% MA-1% TDS 
solution completely eliminated E. coli O157:H7 alfalfa seeds, as there was no bacterial growth 
even after enrichment. The same result was achieved by washing alfalfa seeds in 20,000 ppm 
Ca(OCl)2 solution. The bactericidal activity of 10% MA-1% TDS solution on alfalfa seeds was 
comparable to that of 2N sulfuric acid soak for the same amount of time (Pandrangi et al., 2003). 
The efficacy of all treatment solutions in E. coli O157:H7 inactivation was in general lower on 
broccoli seeds than on alfalfa seeds. Nevertheless, adding TDS and increasing MA concentration 
also eliminated more E. coli O157:H7 on broccoli seeds. Treatment with 0.1% MA-1% TDS, 
however, did not improve bacterial reduction on broccoli seeds and more bacteria survived than 
on seeds treated with 1% TDS solution. Calcium hypochlorite wash was not as effective in 
killing E. coli O157:H7 population on broccoli seeds as on alfalfa seeds. The log reduction after 
chlorine wash was statistically lower than those upon 10% MA, 1% MA-1% TDS, and 10%MA-
1% TDS treatments. No treatment resulted in complete elimination of E. coli O157:H7 on 
broccoli seeds. Treatments with MA, TDS, or their combination resulted in less E. coli O157:H7 
population eradicated on radish seeds than on the other two types of seed. However, washing 
with 20,000 ppm chlorine solution killed more bacteria on radish seeds than on broccoli seeds. 
Combining MA and TDS increased log reduction but it did not have as much effect on E. coli 
O157:H7 removal on radish seeds in comparison to on alfalfa and broccoli seeds. Similar to 






Table 4.3 E. coli O157:H7 population and log reduction on alfalfa, broccoli, and radish seed 
surfaces after treatments. 
Treatment 
Log Na Log Reductionb, c 
Alfalfa Broccoli Radish Alfalfa Broccoli Radish 
Inoculated seeds 4.41 5.14 4.93 - - - 
Tap water 3.16 4.71 4.93 A 1.25 e B 0.43 f C 0.00 de 
1% TDS (pH 3.5) 2.24 4.16 4.55 A 2.17 d B 0.99 e C 0.38 cd 
0.1% MA (pH 2.7) 3.15 4.75 5.12 A 1.26 e B 0.39 f C -0.19 e 
1% MA (pH 2.1) 2.10 4.13 4.56 
A 2.31 
cd B 1.01 e C 0.37 cd 
10% MA (pH 1.4) + 3.39 2.65 A 3.41 a B 1.75 c B 1.28 b 
0.1% MA-1% TDS (pH 2.7) 1.75 4.69 4.59 
A 2.66 
bc B 0.45 f B 0.34 cd 
1% MA-1% TDS (pH 2.1) 1.33 2.68 4.28 
A 3.08 
ab A 2.46 b B 0.65 c 
10% MA-1% TDS (pH 1.5) ND 2.13 2.06 A 3.41 a A 3.02 a B 1.88 a 
20,000 ppm Ca(OCl)2 ND 3.79 2.77 A 3.41 a C 1.36 d B 2.16 a 
a
 Detection limit was 1.0 log CFU/g. “+” means no colony detected on TSAN plate, but growth 
was observed after enrichment. ND means no growth detected in both TSAN plate and enriched 
medium. 
b
 Values in the same row (same treatment, different seed type) that are preceded by different 
letters are significantly different (P<0.05). 
c
 Values in the same column (different treatment, same seed type) that are followed by different 
letters are significantly different (P<0.05). 
 
4.3.4 Influence of seed surface roughness on E. coli O157:H7 population reduction 
The log population reduction of E. coli O157:H7 was negatively correlated with seed 
surface roughness (CLSM) in general, although this trend did not apply to all treatments (Figure 
4.6). The strongest correlations were observed between seed surface roughness and E. coli 
O157:H7 population reduction upon treatment in 1% MA-1% TDS solution (R2 = 0.95) and 10% 
MA-1% TDS (R2 = 0.97). The correlation declined when the concentration of MA was decreased 
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to 0.1% (R2 = 0.60) in the MA-TDS mixture. Moderate negative correlation also occurred 
between seed Ra values and log reduction after washing in 0.1% MA solution (R2 = 0.81), 1% 
MA solution (R2 = 0.81), 10% MA solution (R2 = 0.83), 1% TDS solution (R2 = 0.79), and tap 
water (R2 = 0.79). At these concentrations, the sanitizer was efficient in killing bacteria on alfalfa 
seeds but had much less effect on microbial reduction on both broccoli and radish seeds, hence 
the weaker correlations. Upon treatment with 20,000 ppm chlorine solution, there was no clear 
correlation between population reduction and seed surface roughness. Although log reduction of 
E. coli O157:H7 on alfalfa seeds (lowest Ra value) was still the highest in this condition, the 
population reduction was lower on broccoli seeds than on radish seeds which had higher Ra 
value. These findings were partly in agreement with previous research conducted by Wang et al. 
(2009) who found increasing Ra values of fruit surfaces to be negatively correlated with E. coli 
O157:H7 removal rate by acidic electrolyzed water and perooxyacetic acid. Frank and 
Chmielewski (1997) also reported reduced effectiveness of chlorine wash on abraded (rough) 
food-preparation surfaces in comparison to polished and unabraded surfaces (smooth). 
Charkowski et al. (2001) demonstrated wrinkled alfalfa seeds, which supposedly had higher Ra 
values, retained significantly more Salmonella Newport population than smooth seeds after 
chlorine sanitation. The results of these studies showed correlations between surface roughness 
and bacterial removal. In this experiment, however, surface roughness was found to be not the 
only factor that influenced bacterial removal on seeds as indicated by different correlations 
between surface roughness and bacteria population reduction. 
Other surface characteristics, such as surface hydrophobicity, might be the reason for the 
inconsistent correlation between seed surface roughness and microbial reduction. Inactivation of 
E. coli O157:H7 87-23 on alfalfa seeds increased accordingly with higher MA concentration. 
Addition of surfactant TDS also improved bacterial population reduction on alfalfa seeds. On the 
contrary, microbial reduction on radish seeds appeared to be more affected by an increase in MA 
concentration, while bacterial removal on broccoli seeds seemed to be greatly influenced by the 
presence of surfactant TDS. Some types of seed are capable of synthesizing epicuticular waxes, 
which chemically consist of alkanes, long-chain alcohols, ketones and esters of long-chain fatty 
acids (Barthlott, 1981). For example, seed coat of Brassica napus, a species of the same genus as 
broccoli (Brassica oleracea), contains long–chain fatty acids (Molina et al., 2006). In addition, 

































1992) which also might render their surface hydrophobic. Since attractive interaction exists 
between hydrophobic bacterial surface and hydrophobic material (Rosenberg and Kjellenberg, 
1986; van Loosdrecht et al., 1987), bacteria may attach to the seed surface via hydrophobic 
interaction. It has been demonstrated that surface hydrophobicity affects bacterial attachment and 
detachment (Dalton et al., 1994; Sinde and Carballo, 2000). Organic acid MA and chlorine are 
hydrophilic substances and thus, they cannot completely wet a hydrophobic surface. Surfactants, 
on the other hand, have the ability to reduce the interfacial tension and increase the wettability of 
a surface (Schreier et al., 2000). Therefore, TDS, an anionic surfactant, might interact with seed-
bacteria interface and promote detachment of bacteria, enabling MA to reach more bacteria on 
the seed surface. Hence, microbial reduction might be affected primarily by surface roughness 
when TDS was present. Determining surface hydrophobicity of seeds using traditional 
techniques is challenging because of several reasons: calculation of surface properties is 
developed for a flat surface; dirty seed surface may affect measurement; and the seed’s small 
size may limit imaging (Millet and Fransisca, 2010). A suitable method for measuring seed 
surface hydrophobicity has not been established and thus, the influence of seed hydrophobicity 
on microbial reduction has not been confirmed. Further study should be done to investigate other 
surface properties of seeds and their relations to bacterial removal. 




Figure 4.6 Correlations between seed surface roughness and E. coli O157:H7 population 
reduction after treatments. 
 
4.4 CONCLUSION 
Measurement of surface roughness of alfalfa, broccoli, and radish seeds with confocal 
laser scanning microscopy (CLSM) and contact surface profilometry was demonstrated. Alfalfa 
seed was the smoothest, followed by broccoli and radish seeds. Ra values of alfalfa and radish 
seeds measured by contact surface profilometry were slightly lower than those from CLSM. 
Although both methods were able to quantify seed surface roughness, CLSM was preferred as it 
described the surface topography more thoroughly. In addition, SEM allowed visual observation 
of seed surfaces and confirmed the measurement results of CLSM and contact profilometry. 
Treatment with 10% MA-1% TDS solution resulted in the statistically highest E. coli O157:H7 
population reductions on alfalfa, broccoli, and radish seeds. The log reductions obtained for all 
types of seed after this treatment were higher than or similar to those upon 20,000 ppm Ca(OCl)2 
treatment. However, complete bacterial elimination with this treatment was only achieved in 
alfalfa seeds. Germination rate of alfalfa seeds was not affected by this treatment, while 
approximately 10% reduction in germination rate was observed in broccoli and radish seeds. 
Nevertheless, the germination rates were still within the acceptable range. A linear negative 

































the correlation varied depending on the presence of surfactant and sanitizer concentrations. 
When the seeds were treated with 20,000 ppm Ca(OCl)2 solution, the correlation was not found. 
More bacteria were found on broccoli seeds than on radish seeds, which had higher Ra value, 
after treatment with said solution. Other seed surface properties, such as surface hydrophobicity, 
might be the reason for this anomaly. The results reported in this study suggested that the novel 
sanitizer (10% MA-1% TDS) was as, if not more, effective as 20,000 ppm Ca(OCl)2 solution 
recommended by the USFDA. In addition, surface roughness of seeds significantly affected 
microbial reduction and thus, one sanitizer may not be effective for all types of seeds as they all 
have different surface roughness. This information can be useful to the sprout industry in its 
effort to improve the microbial safety of raw sprouts. Nevertheless, further study should be done 
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Current research studied the effectiveness of calcinated calcium and a novel sanitizer on 
inactivation of E. coli O157:H7 87-23 on sprouts. In addition, the effect of seed surface 
roughness on microbial reduction was also investigated. Proposed in this chapter is future work 
that may be conducted to improve the efficiency of seed sanitation and to better understand the 
relationship between surface characteristics and bacterial attachment/removal. 
This study demonstrated that washing radish seeds in a low concentration chlorine 
solution followed by spraying with 0.04% calcinated calcium during germination was able to 
inhibit E. coli O157:H7 87-23 growth throughout the sprouting period. Furthermore, the novel 
sanitizer 10% MA-1% TDS was as effective, if not more, as calcium hypochlorite in killing E. 
coli O157:H7 on alfalfa, broccoli, and radish seeds. The mechanism by which these new 
sanitizers kill or prevent growth of pathogens was still unknown. In order to maximize the 
potential of these chemicals, a study should be conducted to understand their interactions with 
several target bacteria, such as Salmonella spp. and pathogenic E. coli O157:H7.  
Future study should also be undertaken to explore whether a synergistic effect on 
bacterial reduction exists from the combination of seed sanitation with the novel sanitizer 10% 
MA-1% TDS and calcinated calcium germination spray. Irradiation has been shown to be 
effective in killing E. coli O157:H7 on radish seeds (Appendix F). Other physical hurdles, such 
as heat, may also be included to achieve higher population reduction and to possibly reduce the 
concentration of sanitizer required to ensure the cleanliness of rougher seeds. All future studies 
should be conducted on several seed types because, as demonstrated in this research, the efficacy 
of one treatment may not apply to all types of seeds. Moreover, as indicated by the follow-up 
study (Appendix C), increasing the sample size while keeping the seed-sanitizer (w/v) ratio 
constant resulted in less log reduction. Therefore, the influences of other factors, such as seed-
sanitizer ratio and shear force, should be investigated because they may also affect the 
treatment’s effectiveness. 
Many factors are involved in bacterial attachment to and removal from a surface. In this 
research, a linear negative correlation between seed’s surface roughness and E. coli O157:H7 
inactivation was reported. However, the correlation did not apply to all treatments indicating that 
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other attributes of the seed might influence bacterial reduction as well. Thus, other seed surface 
characteristics, such as surface hydrophobicity and surface charge, should be measured and their 
relationship with bacteria adhesion and deadhesion should be researched. Additionally, surface 
features of bacteria cells are also important in their interaction with a surface. Bacterial outer 
membrane proteins, capsular polysaccharides, lipopolysaccharides, surface active compounds, 
pili, flagella, surface charge and surface hydrophobicity have been shown to influence bacterial 
adherence (Beachey, 1981; Peterson and Quie, 1981; Sherman et al., 1987; Neu, 1996). These 
structures may play a significant role in pathogen adhesion to seeds and thus, their impact should 
be understood in order to select an appropriate sanitizer which can overcome the forces at 
bacteria-seed interface. 
Cost is an important driving factor for the usage of new sanitizers. The MA-TDS 
sanitizer combination discussed in this study is more expensive than chlorine. However, 
preliminary results by our group indicated that repeated use of the sanitizer in fresh produce 
wash was possible. Unlike chlorine which cannot be recycled due to its high instability in the 
presence of organic matter, our new sanitizer was shown to retain its bactericidal activity after 
one wash. Further study should be conducted to investigate the effectiveness of MA-TDS in 
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Figure A1 SEM/ ESEM equipment at the Beckman Institute of Advanced Science and 






















Figure A2 CLSM equipment (WITec alpha) available at the Center for Microanalysis of 























Figure A3 Contact surface profilometer (Sloan Dektak 3) available at the Center for 





Effect of MA-TDS on E. coli O157:H7 87-23 Reduction on Alfalfa Seeds 
Table B1 Population of E. coli O157:H7 87-23 on alfalfa seeds after treated with MA-TDS 
solutions. 
Treatment Log Na Log Reduction 
Inoculated seeds 4.41 
 
Tap water 3.16 1.25 d 
0.1% MA-0.5% TDS (pH 2.6) 1.93 2.48 c 
0.1% MA-1% TDS (pH 2.6) 1.75 2.66 c 
0.1% MA-2% TDS (pH 2.6) 1.78 2.63 c 
0.5% MA-1% TDS (pH 2.2) 1.57 2.84 bc 
1% MA-1% TDS (pH 2.1) 1.33 3.08 ab 
2% MA-1% TDS (pH 1.9) 1.00 3.41 a 
4% MA-1% TDS (pH 1.6) 1.10 3.31 a 
6% MA-1% TDS (pH 1.6) +b 3.41 a 
8% MA-1% TDS (pH 1.4) + 3.41 a 
10% MA-1% TDS (pH 1.5) NDc 3.41 a 
20,000 ppm Ca(OCl)2 ND 3.41 a 
aTen grams alfalfa seeds were washed in treatment solutions for 20 min and E. coli O157:H7 
population count after each treatment was determined. Detection limit was 1.0 log CFU/g. 
b
 “+” means colony was not detected on TSAN but growth was observed after enrichment. 
c




Follow-up Study: Larger-scale Treatment with MA-TDS on Alfalfa Seeds 
Table C1 Effects of treatment wash in tap water, MA-TDS solutions and chlorine solution on population of E. coli O157:H7 87-23 on 
alfalfa sprouts. 
Treatment 
Population (log CFU/g)d 
Initiala Treatment 
washb 
Sprouts              
(96h sprouting)c 24h storage 96h storage 144h storage 
Tap Water b 4.48 c 3.37 A a 7.53 A a 7.65 A a 7.49 A a 7.52 A 
6% MA-1% TDS b 4.48 c 2.00 B a 7.77 A a 7.67 A a 7.55 A a 7.24 A 
8%MA-1% TDS b 4.48 c 1.10 C a 7.58 A a 7.60 A a 7.57 A a 7.43 A 
10% MA-1% TDS b 4.48 c 1.10 C a 7.88 A a 7.83 A a 7.73 A a 7.75 A 
20,000 ppm Ca(OCl)2 b 4.48 c 1.77 BC a 7.72 A a 7.72 A a 7.68 A a 7.79 A 
aInoculated untreated seeds 
bFifty grams alfalfa seeds were washed in 500 mL treatment solutions for 20 min and then rinsed in distilled water for 20 min. 
c24h germination in the dark followed by 72h germination under light. 
dTen grams of alfalfa seeds or sprouts were analyzed after each step. Values in the same row preceded by different letters are 
significantly different (P < 0.05). Values in the same column followed by different letters are significantly different (P < 0.05). 
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Table C2 Sensory evaluation of alfalfa sprouts grown from seeds treated with tap water, chlorine and various concentrations of MA-
TDS solutions after storage. 
*Alfalfa sprouts grown from treated seeds were evaluated after 24, 96, and 144h storage at 4°C by 10 untrained panelists for smell and 
overall appearance. Sprouts grown from seeds washed in tap water were used as a reference. The evaluation was replicated 3 times for 
each treatment and the average values of the ratings obtained were calculated. 
 
Table C3 Color evaluation of alfalfa sprouts grown from seeds treated with tap water, chlorine and various concentrations of MA-
TDS solutions after storage. 
Treatment 
24h 96h 144h 
L a b L a b L a b 
Tap Water 48.36 -1.22 16.03 48.73 -0.44 17.39 48.19 -0.73 16.81 
6% MA + 1% TDS 46.62 -1.43 17.82 47.74 -1.51 17.39 48.72 -1.85 17.34 
8% MA + 1% TDS 47.37 -1.23 16.57 48.99 -1.43 17.81 50.08 -1.84 17.41 
10% MA + 1% TDS 46.82 -1.29 16.32 49.32 -1.27 17.43 49.24 -1.38 17.43 
20,000 ppm Ca(OCl)2 50.74 -0.76 14.60 53.97 -1.47 15.41 53.57 -1.71 16.63 
*Color of alfalfa sprouts grown from treated seeds were measured after 24, 96, and 144h storage at 4°C with Hunter colorimeter. The 
evaluation was replicated 3 times for each treatment and the average values were calculated. 
 
Treatment 
24h 96h 144h 
Smell Appearance Smell Appearance Smell Appearance 
Tap water 5 5 5 5 5 5 
6% MA-1% TDS 5.1 5.5 5.3 5.5 4.6 5.2 
8%MA-1% TDS 4.9 5.2 4.7 5.3 4.5 5 
10% MA-1% TDS 4.8 4.8 4.6 4.9 4.3 4.8 
20,000 ppm Ca(OCl)2 4.7 4.3 5 4.7 5.1 4.7 
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Table C4 Germination rates and yields of alfalfa seeds treated with tap water, chlorine  and various concentrations of MA-TDS 
solutions. 
Treatment Yield (g)a,b Germination ratea,c 
Tap Water 198.4 a 95% a 
6% MA- 1% TDS 181.2 a 89% b 
8% MA-1% TDS 190.8 a 90% b 
10% MA-1% TDS 191.6 a 95% a 
20,000 ppm Ca(OCl)2 203.8 a 92% ab 
aValues within the same column followed by different letters are significantly different (P< 0.05). 
bWeight of alfalfa sprouts from 40 g of seeds germinated for 24 h in the dark and 72 h under the light. 
cGermination rate was determined from the number of germinated seeds, after 24 h germination in the dark and 48 h under the light, 










































Figure C2 Alfalfa seeds treated with (a) tap water, (b) 20,000 ppm Ca(OCl)2 solution, (c) 6% 
MA-1% TDS, (d) 8% MA-1% TDS, and (e) 10% MA-1% TDS. (f-j) The resulting sprouts from 














MicroCT Images of Alfalfa, Broccoli, and Radish Seeds 
 
Figure D1 MicroCT images of an alfalfa seed using MXCT (Xradia Inc., Pleasanton, CA, 






Figure D2 MicroCT images of a broccoli seed using MXCT (Xradia Inc., Pleasanton, CA, 









Figure D3 MicroCT images of a radish seed using MXCT (Xradia Inc., Pleasanton, CA, U.S.A.) 






The Effect of Combination of Ultrasonic Probe (USP) and 10% MA-1% TDS on 
Germination Rate and E. coli O157:H7 87-23 Microbial Reduction on Radish Seeds 
 
Table E1 E. coli O157:H7 87-23 population on and germination rates of radish seeds after 
treatment with USP in combination with 10% MA-1% TDS. 
Treatment 
Log N                 
(log CFU/g) 
Log reductiona    
(log CFU/g) 
Germination rateb  
(%) 
No treatment 4.88 - 100 
20% USP + 
10% MA-1% TDS 
2.89 2.00 4 
aInoculated seeds were ultrasonicated with a probe at 20% power in 10% MA-1% TDS solution 
for 20 min at 23°C with constant stirring. The log reduction achieved with this treatment was not 
significantly different (P>0.05) with 10% MA-1% TDS treatment without ultrasonication. 
bGermination rate was determined by counting the number of germinated seeds from 100 seeds 





The Effect of Irradiation on Germination Rate and E. coli O157:H7 87-23 Microbial 
Reduction on Radish Seeds 
 
Table F1 E. coli O157:H7 87-23 population on and germination rates of radish seeds after 
irradiation. 
Treatment 
Log Na                
(log CFU/g) 
Log Reductionb                
(log CFU/g) 
Germination ratec      
(%) 
No treatment 4.88 - 100a 
1 kGy 3.14 1.74c 100a 
2 kGy 2.16 2.72b 100a 
4 kGy ND 3.88a 100a 
8 kGy ND 3.88a 95b 
aRadish seeds were irradiated and the microbial count after treatment was determined. ND means 
no colony was detected by direct plating. Detection limit was 1.0 log CFU/g. 
bValues followed by different letters within the column were significantly different (P<0.05). 
cGermination rate was determined by counting the number of germinated seeds from 100 seeds 
sprouted for 24 h in the dark and 48 h under light at room temperature. Values followed by 
different letters within the column were significantly different (P<0.05). 
 
